Mutagenesis of the active site of glucoamylase from Aspergillus awamori by Sierks, Michael R.
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1988
Mutagenesis of the active site of glucoamylase from
Aspergillus awamori
Michael R. Sierks
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biochemistry Commons, and the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Sierks, Michael R., "Mutagenesis of the active site of glucoamylase from Aspergillus awamori " (1988). Retrospective Theses and
Dissertations. 11184.
https://lib.dr.iastate.edu/rtd/11184
066T aawîiJOHpiw 
INFORMATION TO USERS 
The most advanced technology has been used to photograph and 
reproduce this manuscript from the microfilm master. UMI films the 
text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any 
type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overiaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book. 
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order. 
University Microli.ms international 
A Beii & Howell Inlornnation Company 
300 North Zeeb Road Ann Arbor Ml 48106-1346 USA 
313 761-4700 800 521-0600 

Order Number 0084070 
Mutagenesis of the active site of glucoamylase from Aspergillus 
awamori 
Sierks, Michael R., Ph.D. 
Iowa State University, 1988 
U M I  
SOON.ZeebRd. 
Ann Arbor, MI 48106 

Mutagenesis of the active site of glucoamylase 
from Aspergillus avamori 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major: Chemical Engineering 
by 
Michael R. Sierks 
In Charge of Major Work
For the Maj/r Department 
Fb/ the Graduate College 
Iowa State University 
Ames, Iowa 
1988 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
il 
TABLE OF CONTENTS 
Page 
GENERAL INTRODUCTION 1 
Background 1 
Characteristics of gluocamylase 3 
Introduction to genetic engineering of glucoamylase 10 
Specific procedures for mutagenesis of glucoamylase 18 
Explanation of dissertation format 30 
REFERENCES 31 
SECTION 1. MUTAGENESIS OF THE ESSENTIAL TRYPTOPHAN 
120 RESIDUE OF Aspergillus avamori GLUCOAMYLASE 37 
INTRODUCTION 38 
MATERIALS AND METHODS 41 
Enzymes and reagents 41 
Plasmid purification, subcloning, and sequencing 41 
Construction of vector for mutagenesis 42 
Expression and purification of mutant enzymes 43 
Determination of kinetic parameters 43 
RESULTS 45 
DISCUSSION 50 
REFERENCES 54 
SECTION 2. MUTAGENESIS OF ACTIVE SITE CARBOXYLIC ACID 
RESIDUES OF Aspergillus avamori GLUCOAMYLASE 58 
INTRODUCTION 59 
MATERIALS AND METHODS 62 
Enzymes and reagents 62 
Cassette mutagenesis 62 
RESULTS 64 
DISCUSSION 69 
REFERENCES 74 
f 
ill 
SECTION 3. MUTAGENESIS OF Aspergillus avamori GLUCOAMYLASE 
RESIDUES BASED ON FUNCTIONAL HOMOLOGIES 76 
INTRODUCTION 77 
MATERIALS AND METHODS 84 
RESULTS 85 
DISCUSSION 88 
REFERENCES 92 
» 
CONCLUSIONS AND RECOMMENDATIONS 95 
REFERENCES 100 
APPENDIX I. FIGURES 101 
REFERENCES 106 
APPENDIX II. CROSSLINKED CARBOXYMETHYL CELLULOSE DEGRADATION 
BY P-GLUCOSIDASE AND VAGINAL MICROBES: APPLICATION 
TO TOXIC SHOCK SYNDROME 107 
INTRODUCTION 108 
MATERIALS AND METHODS 110 
Cultures 110 
Growth tests 111 
Enzyme assays 111 
Enzymatic digestion of CLD-2 113 
Detection of carbohydrates from enzymatic digestion of CLD-2 113 
Ionic strength determination 114 
RESULTS 115 
DISCUSSION 120 
REFERENCES 122 
1 
GENERAL INTRODUCTION 
Background 
Most chemical reactions occurring in nature require the presence of a 
catalyst. These natural catalysts are proteins, specifically enzymes, 
which are extremely selective in the reactions they catalyze and the 
substrates used. Enzymes are the means by which an organism obtains 
necessary energy, chemical, and food products. 
The structure and mechanisms of enzymes in general are not well 
defined, and are just recently being determined for a few select enzymes. 
A few general characteristics of the active sites of enzymes are known. 
The active site occupies only a small fraction of the enzyme surface, has 
a specific tertiary structure, and is present as a cleft or crevice in the 
enzyme (1). Substrate specificity is determined by the chemical groups 
present at the active site. There are several methods that have been 
available to elucidate the structure of enzymes. Kinetic models can be 
used to predict the configuration of the active site in an enzyme by 
designating subsites and the associated binding affinities with these 
sites (2-6). Further evidence of the active site configuration can be 
obtained by chemical modification studies, which can provide information 
on the location of selected amino acids that are involved with binding or 
catalysis. The most accurate way of determining the structure of an 
enzyme is through x-ray crystallography, which can provide an actual 
three-dimensional image of the enzyme. The cleft of the active site and 
various residues can then be identified. However, once the location of 
the various residues is known, the question of the function of that 
2 
residue, whether it Is involved in binding, catalysis, or structural 
integrity, is raised. Until very recently, chemical modification analysis 
was the only way to study the role of select residues. A drawback of 
chemical modification is that it cannot modify an individual residue, but 
rather changes all unprotected residues. However, with the advent of 
genetic engineering, a powerful new tool has been developed to study 
enzyme structure and function. This new technique, generally called 
site-directed mutagenesis, allows the function of any single amino acid in 
an enzyme to be examined without affecting the rest of the protein. 
Site-directed mutagenesis has made it possible to change any single amino 
acid in a protein to any other desired residue by inducing mutations at 
the genetic level (7). When this technique is used in conjunction with an 
x-ray crystallographic picture of the enzyme, a three-dimensional image of 
the wild-type and mutated enzymes can be generated. A comparison of these 
structures can lead to the elucidation of the effect of a particular 
residue on the structure and catalytic properties of an enzyme. 
This dissertation will focus on the use of this new technique of 
site-directed mutagenesis, to study the structural and functional 
relationships of various residues of the enzyme glucoamylase. Although to 
date no crystallographic structure of glucoamylase is available, the 
locations and roles of various amino acids in the enzyme will be studied 
using not only site-directed mutagenesis, but also the results of previous 
chemical modification studies and kinetic modelling of the wild-type and 
mutated enzymes. 
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Characteristics of glucoamylase 
Glucoamylase (l,4-*-D-glucan glucohydrolase, EC 3.2.1.3) is an 
exoglucanase which releases P-D-glucose from the non-reducing ends of 
amylose and related oligo- and polysaccharides. Glucoamylase primarily 
cleaves «-<l->4) and «-(l46) linkages, although it can cleave other 
«-linked groups (8). 
Glucoamylase is produced by a number of filamentous fungi, of which 
the Aspergillus and Rhizopus species are the most important commercially. 
Glucoamylases from the variety of sources all have been reported to exist 
in multiple forms (9-12). Generally, the multiple forms are thought to be 
formed by limited proteolysis (13), although at least one study suggests 
that some of the forms may be due to differential processing at the 
genetic level (14). Glucoamylase from A. niger exists in two major forms, 
GAI and GAII, with molecular weights in the range of 85,000 for GAI and 
68,000 for GAII (14, 15). The exact molecular weights of the isozymes are 
difficult to determine because glucoamylase is a highly glycosylated 
enzyme, with the extent of glycosylation varying significantly. The two 
forms of the enzyme are immunologically indistinguishable (16-18) and have 
identical N-terminal amino acid sequences (15). Glucoamylase from 
A. niger can be considered to be composed of three different functional 
areas. The first is the catalytic region extending from amino acids 1 to 
440. The second is the highly glycosylated region, extending from 
residues 441 to 512. This glycosylated region is rather unusual for a 
glycoprotein, in that it has a large number of short carbohydrate chains 
linked to serine and threonine residues (15, 19, 20), located in a very 
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concentrated area of the protein (21). Most of the carbohydrate units are 
0-linked disaccharides consisting primarily of D-mannose units connected 
with (l->2) and (l46) linkages (22). The presence of the carbohydrates has 
been shown to increase the stability of the enzyme (23). The third 
functional region of glucoamylase is the carboxyl-terminal tail region, 
extending from amino acids 513 to 616, which is lacking in GAII and is 
involved in binding to raw starch (24, 25). 
There have been numerous studies conducted on glucoamylase using 
kinetic modelling and chemical modification techniques to elucidate the 
structure and composition of the active site. Kinetic studies on 
glucoamylase from R. niveus originally determined the active site to be 
composed of seven subsites for binding of D-glucosyl residues (26). The 
catalytic site is located between subsites 1 and 2, with the non-reducing 
end of the substrate binding at subsite 2 and then switching to subsite 1 
to produce the enzyme-substrate complex necessary for activity (27-29). 
Kinetic studies on glucoamylase from R. delemar (2, 5, 30), R. niveus (31, 
32), A. awamori (33), A. saitoi (34), and A. niger (35) all show similar 
active sites, consisting of six to seven subsites with the catalytic site 
between subsites 1 and 2. In all cases the affinities of the subsites for 
D-glucosyl residues are similar. The affinity of subsite 1 is very small 
or negative, that of subsite 2 is the largest, that of subsite 3 is lower, 
and those of subsites 4-6 or 4-7 are significantly lower. Therefore, the 
glucoamylases from a variety of sources all seem to have the same basic 
catalytic behavior and configuration in the active center of the enzyme. 
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The sequences of six glucoamylases have been determined, that from A. 
niger determined from the protein sequence (36), and those from the other 
five, A. avamori (18), R. oryzae (37), Saccharomyces diastaticus (38), 
S. cerevislae (39), and Saccharomycopsis fibuligera (40), from the 
corresponding DNA sequences. The sequences from A. niger and A. avamori 
are identical and the sequences of S. cerevisiae and S. fibuligera are 
very similar to each other. All the enzymes, however, show an overall 
homology of 40% in their catalytic regions. The entire amino acid 
sequence of glucoamylase from A. niger is shown in Figure 1 and the 
homology of the various glucoamylases is shown in Figure 2. Since there 
is such a large degree of homology, it is likely the different 
glucoamylases all possess the same, or very similar, active sites. 
Chemical modification studies of the various glucoamylases have also 
shown a high degree of similarity in the chemical groups located in the 
active site. Substrates and inhibitors of various lengths can be used to 
protect chemical groups located in the different subsites. If enzymatic 
activity is still detected following chemical modification of the 
unprotected groups and subsequent removal of the substrate or inhibitor, 
no essential residues were modified. Further chemical modification of the 
previously protected residues can then determine whether these groups are 
essential for activity. Through the use of substrates or inhibitors of 
various lengths, the subsite location of the protected groups can be 
determined. 
A tryptophan residue necessary for catalytic activity has been 
detected in glucoamylase from R. niveus and is thought to be located in 
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1 ATLDSWLSNE ATVARTAILN NIGADGAWVS GADSGIWAS PSTDNPDYPY 
51 TWTRDSGLVL KTLVDLFRNG DTSLLSTIEN YISAQAIVQG ISNPSGDLSS 
• • 
101 GAGLGEPKFN VDETAYTGSV GRPQRDGPAL RATAMIGFGQ VLLDNGYTST 
151 ATDIVWPLVR NDLSYVAQYW NQTGYDLWEE VNGSSPFTIA VQHRALVEGS 
201 AFATAVGSSC SVCDSQAPEI LCYLQSFVTG SFILANFOSS RSGKDANTLL 
251 GSIHTFDPEA ACDDSTFOPC SPRALANHKE WDSFRSIYT LNDGLSDSEA 
301 VAVGRYPEDT YYNGNPWFLC TLAAAEQLYD ALYQWDKQGG LEVTDVSLDF 
351 FKALYSDAAT GTYSSSSSTY SSIVDAVKTF ADGPVSIVET HAASNGSMSE 
401 QYDKSDGEQL SARDLTVSYA ALLTANNRRN SWPASVGET SASSVPGTCA 
* ** 
451 
501 
551 
ATSAIGTYSS 
** ** 
STSTSSTSCT 
******** * 
VTVTSWPSIV 
* * * 
TPTAVAVTFD 
ATGGTTTTAT 
* **** * 
PTGSGSVTST 
* * *** 
SKTTATASKT 
* ** * * * 
LTATTTYGEN lYLVGSISQL GDWETSDGIA 
LSADKYTSSD PLWYVTVTLP AGESFEYKFI RIESDDSVEW ESDPNREYTV 
601 PQACGTSTAT VTDTWR 
Figure 1. The one-letter amino acid sequence of A. niger glucoamylase 
(36). Symbols: # - Trp 120 residue, • - Asp 153, Asp 176, 
Glu 179, and Glu 180 residues, • - Tyr 116, Leu 177, Trp 178, 
and Asn 182 residues, * - 0-glycosylated residues, 
— - raw starch binding tail region 
Figure 2. Sequence homologies among glucoamylases from yeasts and fungi. 
Deduced amino acid sequences of glucoamylases from the 
following organisms were aligned to maximize the homologies 
(40): Sf, S. fibuligera; Sd, S. diastaticus; Sc, S. 
cerevisiae;~Ro, R. oryzae; and~An, A. niger. Symbols: 
-, residue is identical to that sho^ for S. fibuligera; 
boxes, five highly conserved segments (SI to S5); A, 
Trp 120 residue in A. niger glucoamylase. Numbers in 
parentheses indicate amino acid numbers 
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SI 
Sf ( 61) LQNiAYPEGQFmGVPpWIÎÎ5F5T5RPCT77QyT5B55î1 
Sd (365) FE~G -SAVYPSIL 
Sc ( 97) FE~G -SAVYPSIS 
Ro (186) -R-- NPPGSATl-FIA—L—AG A A-L-ISNVIV YEYNTTLSGNKT 
An ( 19) -M—OAnCAUVSRAnsLT-V D P-T ni.tft.K-l.Vnt.PRNRnTSt.t.ST 
p«« ——P* «•»—»• J L" 
« y — — — — — % — — — — l j ~  
FLTVL SELEDNNFNTTLA (119) 
INSIV -HSA-PAIE-L- (421) 
INSIV -HSAGPAIE-L- (153) 
(238) 
( 77) 
S2 
S£ (120) KAVEYYINTSYNLQRTSNPSGSF DDEN HKGIXiEPKFNTDGSIAYTgAWGRPQNDGPALR (177) 
Sd (422) (J —L—V—FH————N—TL—AGIGYT—DTVA-—D——W—V—NT—F—EP————————— (477) 
Sc (154) Q —L—V—FH———S——TL—AGIGYT—DTVAD—W—V—NT—F—ED—————————— (209) 
Ro (239) I L-V LKDYV- FSV KTQSTSTVCNC P G E- (290) 
An ( 78) I E—YISAQAIVQGI— NPSG—LSSGA—(131) 
S3 
Sf (178) AYAISRYLNDVNSLNEGKLVLTDSGDI NFSSTEDIYKNIIKIOLEYVIGYVDSTGFDLV (236) 
Sd (478) SI—LKII - YI-OSG—L-AKYP-Q—A—FDD-VRN —RFI-DH-N-S (531) 
(210) SI-ILKII - YI-QSG—L-AKYP-Q—A~FDD-VRV--RFI-DH-N-S (263) Sc 
Ro (291) -TT FI-
An (132) -T- MIG 
FADSY—QTK-ASYVTG-LKPAI 
F-QWL-DNGYTSTA TDIVWPLV 
FK —D—VNV-SNGC (338) 
R^ (178) 
Sf (237) EENQGRHFFTSLVQQKA 
Sd (532) .——VN—M——L———LS 
Sc (264) —VN—M———L—LS— 
Ro (339) ——VN—V—Y—LM—MR—G 
An (179) 2^^%— 
1kYAVDIAKSFDDGDFANTLSSTASTLESYL SGSDGGFVNTD (295) 
\DRSLSYFNASERSSPFVEELRQTRRDI-KFLVDPAN—I-GK (591) 
\l DKSLSYFNASERSSPFVEELRQTRRDI-KFLVDPAN—I-GK (323) 
LLGA-F—RNG-STR-S-Y lANKIS-FWVSSNNQIQ (398) 
VEGSAF-TAVGSSCSWCD -Q-PEILC—Q-FWT-S-ILAN (236) 
Sf (296) VNHIVENPDLLQQNSRQGLDSATYIGPLLTHDIGESSSTPFDVDNEYVLQSYYLLLE D (353) 
Sd (592) Y-Y T-MIADT L-S IS-LLAANTV--APSA-HL INDPA—NTLHH-MLHMR (650) 
Sc (324) Y-Y—GT-MIADT L-S IS-LLAANTV—APSA-HL INDPA—NTLHH-MLHMR (382) 
Ro (399) -SQS-TGG V -KK VS-LLAAN LGSVDDGFFTPGSEKILATAVAVEDSR A (449) 
An (237) FDSSRSGK DANT-LGSIHTFDP EAACDD-TFQPCSPRALANHKEVVDSF R (286) 
S4 
Sf (354) NKDRYSVNSAYSA 3AAIGRYPEDVYNGDGSSEGNPWFLA TAYAAQVPYKLAYDAKSASND (413) 
Sd (651) SIYPINDS-KNAl 
Sc (383) SIYPINDS-KNAT 
Ro (450) SLYPINK-LPSYl 
I-L D-Y-VG V—j-CA-STTL-Q-I-RHI-EQH- (710) 
-I—L———————D—Y—FG————V—""CT—STTL—Q—I—RHI—EQH— (442) 
—NS———————T———N—N—Q——S———~ 
An (287) SIYTLNNGLSD-E &V-V T-Y N-
VTGYAE -Y-R-IKE WI (504) 
TL—AE Q LY QW- (336) 
Sf (414) I TINK INYDFFNKYIVDLSTINSAYQSSDSVTIKSGS DEFNTVADNLVTFGDSF (467) 
Sd (711) LWPM-NDCS-AFWSELVFSNLT-L G NDEGYLIL P-F-Q -IQKI-Q (760) 
Sc (443) LWPM-NDCS-AFWSELVFSNLT-L G NDEGYLIL P-F-Q -IQKI-Q (492) 
Ro (505) GNGGVTVSSISLP—K-FDSSATSG K KYTV-TS-FN-LAQNIA LAA-RFL (554) 
An (337) KQGSLEVTDVSL KALYS-AA-G -YS-S-STYSSI-DAVK —A-G-V (385) 
Sf (468) LQVILDHINDCSSLNEQLNRYTGYSTGAYSLTVSSGALLE/^RLRNKVKALA 
Sd (761) -ADSF LVKLK &TW —TGN 
Sc (493) -ADSF LVKLK ^ TW —TGN 
Ro (555) ST—Q— —AHNM—A—EFD—T—L————RD———HAS—IT 
An (386) SI-ET -AASM--MS—YDKSD-EQLS-RD YA—T-HNl 
(519) 
(778) 
(510) 
YAKAGAP-A (604) 
R__S-VPASWGETSASS (444) 
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subsite 1 (26, 41, 42). The same results were also obtained for 
glucoamylases from A. saitoi (43) and A. niger (44-46). Glucoamylase from 
A. avamori contains an essential tryptophan residue in subsite 4 (47), 
although none was reported in subsite 1. The glucoamylase from A. niger 
also contains an essential tryptophan residue beyond subsite 3 (46). 
Since the two Aspergillus glucoamylases have since been found to be 
identical, there should be a tryptophan involved in binding or catalysis 
in both subsites 1 and 4. The tryptophan in subsite 4 has subsequently 
been identified as being Trp 120 in the A. niger enzyme (48). 
Essential carboxyl groups of glucoamylase have also been studied by 
chemical modification. Glucoamylase from Rhizopus sp. has been shown to 
contain one or more carboxyl groups necessary for catalytic activity (49, 
50). One essential carboxyl group is located in subsite 2 near subsite 3 
(51). Glucoamylase from A. niger also has one or more essential carboxyl 
groups (52), as does enzyme from A. niger (46) and A. saitoi (53), in 
which the carboxyl group was also located in subsite 2 or 3. Further 
studies of the A. niger enzymes has identified four carboxylic acid in the 
active center: Asp 153, Asp 176, Glu 179, and Glu 180 (54). One of these 
should be the carboxylic acid in subsite 2 near subsite 3, and at least 
one other residue should be involved in the catalytic cleavage of the 
substrate. Kinetic studies on pK values of glucoamylase from R. delemar 
have suggested that at least one and possibly both ionizable groups 
involved in catalysis may be carboxylic acid groups (49). 
Chemical modification of glucoamylase from A. niger has shown that a 
tryosine group is involved in binding the substrate, but it is located far 
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from the active center (55). Similar conclusions were reached when 
modifying hisitidine side chains in the same enzyme (56). Therefore, the 
active site of glucoamylase from A. niger should contain the Trp 120 
residue in subsite 4, and a second tryptophan group near subsite 1. It 
will also contain the four carboxylic acid residues: Asp 153, Asp 176, 
Glu 179, and Glu 180, of which one or two should be Involved in catalysis 
and consequently located between subsites 1 and 2, with another located in 
subsite 2 near subsite 3. At some distance from the catalytic site, a 
tryosine and a histidine residue should be present, though not necessarily 
together. 
Based on this information, site-directed mutagenesis of glucoamylase 
was planned to identify which residues are present in the active site and 
what their functions are. The rest of this chapter will give some 
background into and describe the use of the genetic engineering techniques 
used to produce the site-directed mutations. 
Introduction to genetic engineering of glucoamylase 
An enzyme consists of a chain of the twenty different amino acids 
linked in a specific order determined by the DNA sequence of the gene that 
encodes for the production of that enzyme. Each amino acid has one or 
more DNA sequences that code for it, each consisting of a three-nucleotide 
sequence in the DNA strand called a codon. Modification of one of these 
three nucleotides changes the codon, and consequently may change the amino 
acid coded for at that particular site. Modification of a single codon in 
the DNA sequence will alter only that one particular amino acid from the 
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entire enzyme. Therefore the effect of a single amino acid on enzymatic 
activity can be determined by selectively modifying the codon for that 
amino acid and then testing for any effects the mutation has on catalytic 
activity. The development of genetic engineering techniques has made it 
possible to selectively modify single nucleotides in a DNA sequence. 
Therefore it is now possible to change, add, or delete any single amino 
acid in an enzyme, provided the DNA coding for that enzyme can be 
isolated. 
The gene for glucoamylase from A. awamori was received as a generous 
gift from Cetus Corp. (Emeryville, Cal.). The gene was contained in a 
plasmid, p6AC9, a double-stranded circular DNA fragment, which can be used 
as a vector to insert the DNA into a host cell (57) and is shown in Figure 
3. Some of the salient features of the plasmid that are listed in Figure 
3 will be discussed. First, an origin of replication for Escherichia coli 
is included so that the plasmid can replicate in that bacterial host. The 
origin of replication consists of a sequence of DNA which will 
spontaneously start to replicate itself when present in the proper host. 
The 2w fragment isolated from yeast allows the vector to replicate in S. 
cerevisiae, and is the yeast equivalent of the origin of replication for 
bacteria. The plasmid also contains selectable markers so that it can be 
detected when it is inserted or transformed into a particular host. In 
the bacterial host, E. coli, the selectable marker is resistance to 
ampicillin, so cells lacking the plasmid cannot grow in media containing 
ampicillin. In the yeast host, S. cerevisiae, the selectable marker is a 
leucine gene, enabling an auxotrophic host, which by itself could not 
12 
eno 1 promoter 
Eco ni 
Ulna ill Pst I 
PBR322 Pst I  
Glucoamvlase 
cDNA 
^Bam HI 
Hind III pGAC9 
12.78kb 
eno 1 
terminator 
yeast 2m 
Sal  I  
Econi 
leu 2 
3. The plasmid pGAC9 as received from Cetus Corp. (Emeryville, 
Cal.) (58). The pBR322 sequence allows for the autonomous 
replication of the plasmid in E. coli and contains the 
ampicillin gene. The eno 1 promoter and terminator are two 
regions from the yeast enolase gene which allow for expression 
of the glucoamylase gene in yeast. The leu 2 sequence allows 
for selection of yeast transformants on leucine-deficient 
medium. The yeast 2M sequence allows for autonomous 
replication of the plasmid in yeast. PstI, EcoRI, Hindlll, 
BamHI and Sail represent restriction endonuclease sites. 
The total size of the plasmid is 12.78 kilobases 
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synthesize leucine, to grow in media deficient in leucine provided that 
the plasmid is present. Finally, the glucoamylase gene was inserted 
between a yeast promoter and terminator, allowing expression of the 
glucoamylase gene to take place when the plasmid was transformed into 
yeast. The particular promoter used was the enolase promoter, chosen 
because it is not inhibited by ethanol, which accumulates during yeast 
fermentation. Some of the major restriction endonuclease sites on the 
plasmid are shown, including the Hindlll cassette containing the 
glucoamylase gene. 
Restriction endonucleases are enzymes that recognize a specific 
sequence of DNÂ, usually six base pairs in length, and will cleave the 
double-stranded DNA at a specific point in that sequence. Many of the 
enzymes will generate a ragged cut, where one strand of DNA is cut one or 
more bases from the other. This generates what is referred to as a sticky 
end on the DNA. Pieces of DNA which have complementary sticky ends 
generated by cleavage with the same enzyme can then be spliced together, 
or ligated, with another enzyme, DNA ligase. This ability to cut and 
ligate together different pieces of DNA from different sources represents 
the heart of genetic engineering. 
The original glucoamylase gene as isolated from A. awamori contained 
four introns (18), or intervening sequences in the gene, which had to be 
removed from the gene to be properly processed by yeast. It is quite 
common for different species to recognize different regulatory DNA 
sequences, so it is not surprising that Aspergillus regulatory sequences 
are not properly processed by a Saccharomyces host. The introns were 
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removed from the glucoamylase gene prior to our receiving the plasmid from 
Cetus. Stable glucoamylase is not expressed when the plasmid is inserted 
into E. coli, and therefore the enzyme had to be produced from yeast (57). 
It is a common occurrence that genes from a eukaryotlc organism can not be 
properly expressed by a prokaryotic host, due either to an inability of 
the host to properly process the DNA, or by an inability to process the 
actual protein. Since glucoamylase is so heavily glycosylated, and since 
bacteria are not capable of glycosylating proteins, it was no surprise 
that stable glucoamylase could not be produced by E. coli. Glucoamylase 
was successfully processed, secreted, and glycosylated when introduced 
into the yeast host, S. cerevlsiae (57). 
Once the desired gene for mutagenesis has been obtained, the DNA can 
be modified at any particular point through the technique of site-directed 
mutagenesis. This technique requires the production of a short piece of 
single-stranded DNA containing the desired mutation, as well as a 
complementary single-stranded copy of the entire original gene. The two 
single-stranded segments of DNA, one containing the resulting single base 
pair mismatch generated at the site of the mutation to be induced, are 
annealed together. The annealed pieces of DNA are then filled in to 
regenerate a double-stranded plasmid DNA for insertion into a host using 
the enzyme DNA polymerase. The single-stranded copy of the entite gene 
serves as a template for producing the second strand, and the mutant 
oligonucleotide serves as the primer that the polymerase requires to start 
chain elongation. If a supply of unincorporated deoxynucleotides is 
added, the polymerase will attach itself to the primer and extend it along 
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the length of the template by incorporating the free deoxynucleotides into 
the growing chain. The polymerase will produce a complementary copy of 
the original gene with a desired mutation being inserted by the primer. 
Upon transformation, the bacterial host receives a heteroduplex plasmid, 
one strand of DMA containing the original wild-type gene, and one strand 
containing the desired mutation in the gene. Following plasmid 
replication, two plasmids will result, one plasmid containing a 
double-stranded wild-type gene, and the other plasmid a double-stranded 
mutant gene. Following cell division of the host, some cells inherit 
wild-type plasmid, and others mutant plasmid. This procedure is 
summarized in Figure 4. 
The wild-type and mutant copies of the gene can be distinguished 
through a technique labelled temperature-sensitive hybridization. This 
technique relies on the differential binding of the mutated base compared 
to the wild-type base when each is annealed with a probe. The 
oligonucleotide that was originally used to generate the mutation is now 
used as a probe to detect the mutation. Single-stranded DNA from cells 
containing either the wild-type or mutant gene is annealed or hybridized 
with the mutagenic oligonucleotide probe that has been labelled for 
detection. At low temperatures, the probe will hybridize to both 
wild-type and mutant DNA; however, as the temperature is increased there 
will he a temperature where the probe, due to its mismatch with the 
wild-type DNA, will wash off the wild-type DNA, but still bind to the 
mutant DNA. Therefore, the mutant gene can be selected from the wild 
type. Mutations can be verified by DNA sequencing, using the Sanger 
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Figure 4. Schematic of the site-directed mutagenesis procedure: 
1) subclone of the glucoamylase gene in the Hindlll cassette 
into an M13 vector; 2) isolate single-stranded DNA produced 
by M13; 3) anneal the mutagenic primer to DNA; 4) add 
polymerase to synthesize the second stre^nd; 5) ligate to 
recircularize the heteroduplex plasmid; 6) transform host to 
replicate plasmid, isolating either wild-type or mutant 
plasmid. 
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dideoxy-sequencing method (58), described below. Once the mutated genes 
have been confirmed, the plasmid is transformed into a suitable host for 
expression and purification of the mutated enzymes. 
DNA sequencing can be performed using the Sanger dideoxy method (58), 
which takes advantage of the inability of the polymerase to further 
polymerize the DNA chain if a dideoxynucleotide is incorporated. The 
single-stranded DNA copy of the mutated gene serves as a template for the 
polymerase. The polymerase reads the template and generates a second 
complementary strand of DNA. However, the polymerase will stop copying 
the template once it incorporates a dideoxynucleotide instead of a 
deoxynucleotide. For example, by annealing the single-stranded gene with 
a primer, adding polymerase and the four deoxynucleotides, adenosine (A), 
cytidine (C), guanidine (G), and thymidine (T), and one of the 
dideoxynucleotides, didoxyadenosine (ddA), the polymerase reaction will be 
stopped as soon as a ddA is incorporated. A number of different-sized 
fragments will result, depending on how soon the ddA is incorporated, but 
all the fragments will eventually terminate with a ddA. Therefore the 
location of each A residue in the template can be determined by the 
different-sized fragments generated. By varying the ddA concentration 
from run to run, a long series of different-sized fragments all ending 
with a ddA will result. This can be repeated with the other three 
dideoxyoligonucleotides. In this way fragments ending at each base in the 
DNA sequence can be generated. These fragments are denatured by boiling, 
which releases the partially polymerized fragment from the full-length 
template. The resulting different-sized single-stranded fragments can be 
18 
separated using polyacrylamide gel electrophoresis and visualized if the 
polymerase incorporates a labelled nucleotide. Therefore one of the 
deoxynucleotides is radiolabelled so that when it is incorporated into the 
polymerized chain, the fragments can be detected by autoradiography. By 
running four polymerase reactions, each one containing a different 
dideoxynucleotide, and separating the four sets of resulting fragments on 
parallel tracks on a gel, a ladder of fragments will result. Each rung of 
the ladder will represent a nucleotide base of the DMA sequence. 
Therefore the sequence can be read by stepping up the ladder and reading 
which dideoxy reaction that rung is in. 
Specific procedures for mutagenesis of glucoamylase 
For mutagenesis of glucoamylase, the following procedures were 
employed. All the genetic manipulations of the glucoamylase gene were 
done in the bacterial host E. coli, since it has the most developed host 
and vector systems. The final expression of glucoamylase, however, must 
be done in an eukaryote, so S. cerevisiae was used as the host for that 
purpose. 
Plasmid DNÂ containing the glucoamylase gene was originally isolated 
in large quantity by growing a 500-mL culture of E. coli cells containing 
the plasmid in standard rich medium containing 50 yg/mL ampicillin at 37°C 
overnight. The cells were spun down and lysed with 0.2 N NaOH and 1% 
sodium dodecylsulfate (SDS) to release DNA. Following centrifugation to 
remove cell debris, plasmid DNA was separated from chromosomal DNA and 
other cell proteins by a cesium chloride density centrifugation as 
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described elsewhere (59), since each component has a different buoyancy. 
Ethidium bromide dye was added for visualization of the DNA bands. The 
DNA band corresponding to plasmid DNA was removed from the gradient. The 
plasmid DNA was extracted with water-saturated butanol and dialyzed using 
a Spectro-pore membrane (Fisher, Pittsburgh, Pa.) against TE buffer (10 mM 
Tris, 1 mM disodium ethylenediaminetetracetate (EDTA), pH 7.0) to remove 
contaminants and salts. The 0.77-kilobase (kb) DNA fragment at the amino 
terminus of the glucoamylase gene, which contains the DNA sequences to be 
mutated, was removed from pGAC9 by digestion with Hindlll and PstI 
according to standard procedures (59). The 0.77-kb fragment was separated 
from the other fragments generated during the digestion by standard 1% 
agarose gel electrophoresis in TE buffer (59). The fragment was purified 
from the agarose gel by electroelution into a high salt buffer (3 M sodium 
acetate, pH 5.2) using an International Biotechnologies, Inc. (New Haven, 
Conn.) #UEA electroeluter. 
The isolated fragment was subcloned by ligation into the 
bacteriophage vector, M13mpl9, obtained from Bethesda Research Labs (BRL) 
(Gaithersburg, Md.). This vector was used to obtain single-stranded DNA 
for mutagenesis, since it releases single-stranded DNA into the growth 
medium. Specifically, subcloning was achieved by generation oi 
complementary cohesive or sticky ends on both the isolated glucoamylase 
DNA fragment and on the M13mpl9 vector by digestion with the same enzymes, 
Hindlll and Pstl. The fragment was then ligated or subcloned into the 
vector using DNA ligase (59). Following subcloning, the vector was 
transformed into an E. coli host, MJlOl, obtained from BRL, following 
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standard procedures (59) to make actively growing E. coli cells more 
susceptible to taking up foreign DNA by treating them with divalent 
cations. In this case the divalent cation used was 0.1 M magnesium 
chloride. Single-stranded DNA was produced by growing the cells in a 
standard rich E. coli medium (59) as described in the M13 cloning guide 
from BRL (60). The single-stranded DNA, containing the Hindlll-PstI 
fragment and released from the cells during growth, was purified by 
centrifugation to remove cell mass, and was precipitated with 0.3 M sodium 
acetate solution, pH 5.2, to remove inorganic material (59). It was then 
extracted with an equal volume of phenol saturated with TE buffer, to 
remove organic material, and was precipitated with 20% (v/v) of 40% 
polyethylene glycol in aqueous 2.5 M sodium chloride to pellet the 
single-stranded DNA (60). 
Site-directed mutagenesis was used to create new restriction 
endonuclease sites in the glucoamylase gene. The new restriction sites 
were selected to create restriction endonuclease cassettes around the two 
areas in which mutagenesis studies were to be performed, the Trp 120 area 
and the Glu 179 area. The codons comprising the gene that determine the 
amino acid sequence of a protein have a certain degree of redundancy to 
them. Therefore, more than one DNA sequence can code for the same amino 
acid. This redundancy is usually contained in the third base of the 
codon; the first two bases are fixed, but the last often contains any of 
the four possible nucleotides. A silent mutation can therefore be 
generated by changing the DNA sequence to generate a new convenient 
restriction endonuclease site in such a way that the amino acid sequence 
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is not altered. Site-directed mutagenesis was used to create silent 
mutations to generate the following restriction sites in the glucoamylase 
gene: Sail at amino acid 112, NotI at amino acid 121, SnabI between amino 
acids 165 and 166, and Apal at amino acid 194. The introduction of these 
restriction endonuclease cassettes facilitates future mutagenesis of any 
amino acids containing in those cassettes, as will be explained later. 
The two-primer method of site-directed mutagenesis was used to create 
the restriction endonuclease sites (61). This method is basically the 
same as the mutagenesis procedure described in the previous section, 
except for the use of a second non-mutagenic primer upstream, or before 
the 5' end, of the fragment to be mutated. This second primer increases 
the efficiency of the mutagenesis because the DNA polymerase does not have 
to polymerize the entire plasmid, but only the Hindlll-PstI fragment, with 
all the desired restriction endonuclease sites, contained in the M13mpl9 
vector. With the single-primer method the polymerization starts at the 
mutagenic primer, polymerizes the part of the Hindlll-PstI fragment 
downstream from the primer, continues completely around the plasmid and 
finally back to the first part of the Hindlll-PstI fragment located 
upstream of the primer. With the two-primer method, the polymerase starts 
at the non-mutagenic primer, polymerizes from there to the mutagenic 
primer, and then from the mutagenic primer to the end of the Hindlll-PstI 
fragment. Polymerization of the rest of the M13mpl9 vector is not 
required. The second primer used was the 17-mer universal primer (BRL), 
which will hybridize immediately upstream of the inserted Hindlll-PstI 
fragment. All other oligonucleotides used were purchased from the Iowa 
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State University Nucleic Acid Facility. The single-stranded DNA of the 
gene vas annealed with both primers, then the four nucleotides and T4 
polymerase were added, and the polymerization reaction proceeded at room 
temperature overnight in the appropriate buffer (61). T4 polymerase was 
used rather than the normally used Klenov Fragment, since the T4 
polymerase is much more tolerant of the second primer, and will not 
displace it during polymerization to the extent that the Klenow Fragment 
does. Following phenol extraction and ethanol precipitation to remove the 
polymerase and salts, performed according to standard procedures (59), the 
double-stranded mutated fragment was then digested with Hindlll and PstI 
as before, to remove it from the bacteriophage vector. The fragment was 
then subcloned into the bacterial plasmid vector, pBSM13+, obtained from 
Stratagene (La Jolla, Cal.), which produces double-stranded plasmid DNA in 
its host after transformation. Subcloning was performed the same as 
before, by generation of cohesive ends at the Hindlll and PstI sites. The 
vector was then transformed into E. coli as before. This vector, besides 
containing an ampicillin gene for plasmid selection as previously 
described, also contains a beta-galactosidase (b-gal) gene that has a 
multiple cloning site (MCS) near the start of the gene. The MCS consists 
of a DNA sequence which contains several unique restriction endonuclease 
sites, including the Hindlll and PstI sites in this case. Therefore, the 
mutated fragment isolated above can be ligated into the vector at this 
site. The advantage of having the MCS located in the b-gal gene is that a 
DNA fragment inserted into the MCS will disrupt the b-gal gene and 
inactivate it. When cells transformed with this vector are grown on media 
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containing a colorimetric indicator, X-gal, cells containing active and 
inactive b-gal can easily be distinguished. Cells which do not turn a 
blue color from the b-gal activity on X-gal have an inactivated b-gal, 
which is caused by the insertion of the desired DNA fragment into the 
vector. An MCS in a b-gal gene was also present on the bacteriophage 
vector, M13mpl9, which was used earlier to produce single-stranded DNA. 
Therefore, white colonies of E. coli transformed with the plasmid vector, 
or white plaques of E. coli transformed with the bacteriophage vector, 
will both contain the glucoamylase fragment inserted into the vector. 
The wild-type and mutant plasmids are most easily screened for by 
using colony hybridization (62). Recombinant colonies, which had been 
grown on agar containing rich medium with 100 wg/mL ampicillin, were 
replica-plated onto a sheet of nitrocellulose by placing the sheet on top 
of the agar. The cells were lysed and the double-stranded DNA was 
denatured into single strands by soaking the nitrocellulose sheet in 0.2 N 
NaOH and then 1.5 M NaCl as described (59). The single-stranded DNA was 
fixed to the nitrocellulose by baking in a vacuum oven at 80"C for 60 min. 
This resulted in a DNA copy of the bacterial cells being retained on the 
nitrocellulose. The DNA can then be screened for the presence of the 
mutation by using the mutagenic primer as a probe. However, these 
synthetic oligonucleotides lack the phosphoryl group at the 5' end. It 
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can be attached in labelled form by incubating Y- ATP, the primer, and T4 
DNA kinase according to standard procedures (59). The nitrocellulose 
sheet was then hybridized with the radiolabelled probe at room temperature 
for 30 min. The filter was rinsed with an aqueous salt solution 
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containing 0.1 M sodium citrate and 0.9 M sodium chloride at room 
temperature, and then was exposed to Kodak X-OMAT AR x-ray film. The 
filter was then sequentially washed with the salt solution at higher 
temperatures and reexposed until the probe washed off the wild-type DNA 
but was still bound to the mutant DNA. 
Once a colony containing the mutant plasmid had been identified, 
plasmid DNA from that colony was isolated according to a mini-plasmid 
preparation procedure (59). Cells were harvested, lysed with 0.2 N NaOH 
and 1% SDS for 5 min, cell debris was precipitated with sodium acetate as 
before, the supernatant was extracted with phenol to remove proteins and 
organic material, and finally the DNA was precipitated with 2.5 volumes of 
100% ethanol and rinsed with 70% ethanol. The dried pellet was 
resuspended in TE buffer with 4 ug/mL RNase added to digest RNA produced 
by the cells. Purified plasmid was used to retransform E. coli to obtain 
cultures containing pure mutant plasmid DNA. The resulting colonies were 
rehybridized to check for presence of the mutant. Mutant colonies from 
the second screening were selected and plasmid DNA was prepared for 
sequencing as will be described below. 
Sequencing of the 0.77-kb Hindlll-PstI fragment containing the 
desired mutations was performed using the vector M13mpl9 to generate the 
single-stranded template DNA. The fragment was subcloned from the plasmid 
vector pBSM13+ into the bacteriophage vector M13mpl9 by digestion of the 
Hindlll-PstI fragment from one vector and subsequent ligation into the 
other. Single-stranded DNA produced by the M13mpl9 vector was isolated 
and prepared as in the mutagenesis procedure described above. Sequencing 
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to verify the constructed restriction cassettes in the glucoamylase gene 
vas also performed as described above. Generally, 200-300 bases can be 
read from a single sequencing reaction, so to sequence the entire 0.77-kg 
fragment, the 17-mer universal primer and the Apal, SnabI, NotI, and Sail 
mutagenic primers were used. The polymerases act in one direction adding 
on to the 3' end of the primer. Therefore the various primers will 
generate sequences downstream from them, and the overlapping sequences can 
verify the sequence of the entire fragment. After the Hindlll-PstI 
fragment had been sequenced, it was ligated with the remaining part of the 
glucoamylase gene, the carboxyl-terminal 1.4-kb Hindlll-PstI fragment from 
pGAC9, and the reconstructed glucoamylase gene contained in the Hindlll 
cassette was ligated into the pBSM13+ vector for cassette mutagenesis. 
Cassette mutagenesis utilizes the presence of the restriction 
endonuclease cassettes around the areas containing the desired mutations. 
The wild-type DMA sequence in the cassette is removed by endonuclease 
digestion and electroelution as described previously. This sequence, a 
small fragment, is easily separated from the desired large vector 
fragment. The vector now contains the entire gene for glucoamylase except 
for the small fragment missing in the restriction cassette. This small 
fragment can be replaced by synthetically constructed DNA containing the 
desired mutation, which is digested with the same restriction enzymes, 
generating cohesive ends so that it can be ligated into the vector. 
The synthetic fragments for the cassette mutagenesis were constructed 
as follows. Two complementary oligonucleotides were designed to fill in 
the cassette, neither one extending the entire length of the cassette, but 
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both extending from opposite ends and overlapping by nine to seventeen 
bases. The longer overlap regions led to stronger annealing and more 
efficient mutagenesis. The oligonucleotides were designed to extend 
beyond the restriction sites, so that following polymerization to fill in 
the rest of the two complementary strands, they could be digested by the 
respective cassette restriction endonuclease enzymes to generate cohesive 
ends with the vector. 
The procedure followed for all the cassette mutations was identical 
with that used for the two-primer mutagenesis described earlier except for 
the following changes. Three yg of each primer were used for the 
annealing step, use of less primer not producing any mutants. The 
polymerization was performed at 15*C overnight, the lower temperature 
favoring binding of the annealed oligonucleotides. It was later 
determined that use of longer overlapping regions and polymerization at 
room temperature or even 37°C gave better results. Use of a small overlap 
and low temperatures often gave spurious mutations due to non-specific 
binding of the two primers. After polymerization, the resulting 
double-stranded fragment was purified by phenol extraction and ethanol 
precipitation. The fragment was then digested with the appropriate 
restriction endonucleases, reextracted and precipitated, and finally 
ligated into the vector. After transformation of E. coli, colony 
hybridization was used to screen for successful mutants. 
Plasmid DNA from positive colonies was prepared for sequencing as 
described earlier (39), with the following additional steps. After the 
addition of the RNase, 1.2 ml of the mixture was incubated at 37*C for 30 
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min to allow the RNase to fully digest the RNA. Following this 
incubation, 0.3 ml of 20% polyethylene glycol contained in an aqueous 
solution of 1.5 M NaCl was added to the mixture and incubated on ice for 
60 min. The mixture was then centrifuged in a refrigerated 
microcentrifuge for 15 min to pellet the DNA. The supernatant was 
carefully aspirated off, and the pellet was rinsed with cold 70% ethanol 
and recentrifuged. The supernatant was again aspirated off, and the 
resulting pellet was dried and resuspended in TE buffer, which had been 
diluted 4:1 with water. The plasmid DNA should now be pure from RNA 
contamination, which was the major problem encountered with plasmid 
sequencing. Twenty yl, about 2 wg of DNA, were denatured by incubation 
with 2 yl of 2 N NaOH solution for 5 min to generate single-stranded DNA 
for sequencing. Following denaturation, the DNA was phenol-extracted, 
ethanol-precipitated, and dried as before. The dried denatured pellet was 
resuspended with the desired sequencing primer as was done for 
single-stranded sequencing; the rest of the procedure was the same, except 
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that twice as much polymerase and a-P label were used. An alternative 
to the plasmid preparation procedure was to digest the plasmid with any 
restriction enzyme that makes a single cut, and then to electroelute the 
digested plasmid to remove the RNA and the restriction enzyme. Either 
preparation provided good sequencing from double-stranded DNA as long as 
all the RNA was removed. 
Cassette mutagenesis was performed in three different areas of the 
glucoamylase gene, using the techniques just described. The first two 
primers used were designed to create a third restriction site, an Hpal 
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site in the Snabl-Apal cassette that stretched from amino acids 165 to 
194. This was accomplished by generating silent mutations at amino acids 
181 and 182. At this point, three cassettes were available for the study 
of further mutations: the Sall-NotI cassette at amino acids 112-121, the 
Snabl-Hpal cassette at amino acids 165-181, and the Hpal-Apal cassette at 
amino acids 182-194. Mutations constructed in the Sail-NotI cassette 
included Try-Ala 116,Trp-Phe 120, Trp-Tyr 120, Trp-His 120, and Trp-Phe 
120. Mutations constructed in the Snabl-Hpal cassette included Asp-Asn 
176, Leu-His 177, Trp-Arg 178, Glu-Gln 179, and Glu-Gln 180. The single 
mutation constructed in the Hpal-Apal cassette was Asn-Ala 182. The 
rational for these mutations as well as the design of the particular 
oligonucleotides is discussed in Sections 1, 2, and 3 and sequences of all 
the primers used are given there. 
Construction of the mutations in all the cassettes was identical 
except for the following changes. The Snabl-Hpal cassette has two blunt 
ends, so ligation conditions were appropriate for blunt-end fragments. 
Ten times as much ligase is used and the reaction is performed at room 
temperature rather than at 15*C. The Hpal-Apal cassette mutation 
destroyed the Hpal site. Therefore the oligonucleotide was not designed 
longer than the cassette. The correctly ligated mutated fragment 
maintained the Apal site but no longer had a Hpal site. All the cassette 
mutations were verified by plasmid sequencing of the cassette region. 
With the genetic manipulations of the mutated glucoamylase gene now 
completed, the gene had to be placed back into the pGAC9 vector for 
transformation into yeast (Figure 3). A drawback of the Hindlll cassette 
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is that the gene can be inserted in two orientations, forward and 
backward, since the same cohesive ends are present on both sides. To 
simplify the subcloning of the mutated gene, the carboxyl-terminal Hindlll 
site in the gene was eliminated. This was performed by partially 
digesting the pGAC9 plasmid with a limited amount of Hindlll (59) and 
running the generated fragments out on an agarose gel. The single-cut 
12.8-kb plasmid containing the vector with the glucoamylase gene can be 
easily separated from the double-cut fragments containing either just the 
glucoamylase gene in a 2.1-kb fragment or the vector without the 
glucoamylase gene. Then the sticky ends generated by the Hindlll cut were 
filled in with polymerase using the same procedure as in the sequencing 
reactions. Since only the four base pairs generated by the ragged cut 
with Hindlll need to be filled in, the polymerization time used was only 5 
min. The resulting blunt ends were ligated and the disappearance of the 
carboxyl-terminal Hindlll site was verified. 
After the carboxyl-terminal Hindlll site had been removed, the 
resulting plasmid (pGAMSlO) contained a unique Hindlll-BamHI cassette. 
The pGAMSlO vector was digested with Hindlll and BamHI and electroeluted 
as before. The same Hindlll-BamHI fragment from the mutated glucoamylase 
gene could now be purified from its vector by digestion, electrophoresis, 
and electroelution and then ligated into the pGAMSlO vector. Presence of 
the mutagenic fragment was verified by presence of the new restriction 
cassettes. 
The mutated glucoamylase gene was now restored back into a yeast 
expression vector. The vector can be transformed into yeast by making the 
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yeast cell walls leaky in a manner similar to the way E. coli cells were 
transformed. This was accomplished by soaking actively growing yeast 
cells in 0.1 M lithium chloride (63). The yeast was then incubated with 
plasmid DNA and grown on selective media, in this case leucine-deficient 
medium as described (57). Yeast that did not take up the plasmid can not 
grow on the deficient media. Therefore, any yeast that grew on the medium 
contained the plasmid and produced the particular mutated glucoamylase 
contained in the plasmid. 
Explanation of dissertation format 
This dissertation contains three sections written in a form suitable 
for publication. In each case, the explanation of experimental procedures 
is rather brief, and the reader should refer to the General Introduction 
for details. These three sections are followed by General Conclusions and 
then by an Appendix. The Appendix has two parts, one containing detailed 
figures of amino acid side chains and the pGAMSlO, pBSM13+, and M13mpl9 
vectors not presented earlier, and the other containing the text of a 
paper on some microbiological and enzymological aspects of toxic shock 
syndrome, which was performed early in this doctoral project and has been 
published (64). 
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SECTION 1. MUTAGENESIS OF THE ESSENTIAL TRYPTOPHAN 120 RESIDUE 
OF Aspergillus avamori GLUCOAMYLASE 
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INTRODUCTION 
Glucoamylase (l,4-*-D-glucan glucohydrolase, EC 3.2.1.3.) is an 
exo-enzyme which hydrolyzes glucose from the non-reducing end of starch or 
related polysaccharides (1). Glucoamylase is produced by several 
filamentous fungi, among which the Aspergillus species is the most 
important commercially (2). Despite its commercial importance, relatively 
little is known about the enzyme's structure and mechanism. Glucoamylase 
from a variety of sources is present in multiple forms; that from A. niger 
has two forms, GAI and GAII. The larger form, GAI, can be divided into 
three main functional areas: 1) the carboxyl tail from amino acids 513 to 
616, which is lacking in GAII and is involved in insoluble starch binding 
(3), 2) a seventy-unit-long serine- and threonine-rich section immediately 
preceding the starch binding tail, from residues 441 to 512, which is 
heavily 0-glycosylated and thought to be involved in stabilizing the 
enzyme (4), and 3) the catalytic region from residues 1 to 440. Kinetic 
studies on glucoamylase from a number of sources have all shown the active 
site to be composed of six to seven subsites for binding of D-glucosyl 
residues, with the catalytic site located between subsites 1 and 2 (5-13). 
In all cases the affinities of the subsites were similar. The affinity of 
subsite 1 is very small or negative, that of subsite 2 is the largest, 
that of subsite 3 is lower, and those of the remaining subsites are small. 
Chemical modification of the various glucoamylase enzymes has also shown 
similarities in the chemical groups in the active center. A tryptophan 
residue in subsite 1 has been detected in glucoamylases from a number of 
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different fungal sources (14-19). A second tryptophan residue in or near 
subsite 4 has been shown to be essential for activity (19, 20) and has 
been specifically identified as residue 120 in A. niger glucoaroylase (21). 
The sequences of five different fungal glucoamylases have been determined, 
with two of them, glucoamylases from A. niger and A. awamori, being 
identical (22, 23), and with the others all having substantial homology in 
the catalytic part of the enzyme (24, 25). The Trp 120 residue of A. 
niger is conserved in all of the enzymes. There is also a stretch of six 
amino acids in glucoamylase from A. niger, containing the Trp 120 residue, 
that is homologous with Taka-amylase A, five of the six residues being 
identical (Figure 1) (26). This tryptophan in Taka-amylase A has also 
been identified as being in the active site (27). 
Although to date no crystal structure has been determined for 
glucoamylase due to the heterogeneity induced by its heavy glycosylation, 
studies of the function of the tryptophan residue should be applicable to 
all the glucoamylases, given the highly conserved nature of the Trp 120 
residue and the high degree of homology between the various glucoamylases. 
Therefore mutations of the Trp 120 residue were undertaken to study the 
effect of various side chains on the binding and catalytic properties of 
the enzyme. Mutations were constructed to replace the very bulky and 
hydrophobic tryptophan side chain with three other side chains with rings, 
contained by histidine, phenylalanine, and tryosine. A fourth mutation 
was constructed to replace tryptophan with leucine, which has a less bulky 
hydrophobic aliphatic side chain. The configurations of these side chains 
are shown in Appendix I. 
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gaAn (111) VDETAYTGSVGRPQRDGPALRA (132) 
gaSd (457) (478) 
gaRo (270) A"——N"———E"— (291) 
gaSf (157) (178) 
TAA (74) AYDG Y-QTDITSLNENYG (95) 
Figure 1. Sequence homologies among fungal and yeast glucoamylases and 
Taka-amylase A. The homologous region is centered around the 
Trp 120 residue from A. niger glucoamylase. Sequences from 
the following organisms were aligned: gaAn, glucoamylase from 
A. niger; gaSd, glucoamylase from S. diastaticus; gaRo, 
glucoamylase from R. oryzae; gaSf, glucoamylase from S. 
fibuligera (23); TAA, Taka-amylase A from A. oryzae (25). 
Symbols: -, residue is identical to that shown for A. niger; 
V, Trp 120 residue in A. niger glucoamylase. Numbers in 
parentheses represent The amino acid number of the protein. 
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MATERIALS AND METHODS 
Enzymes and reagents 
Reagents were obtained from Sigma (St. Louis, Mo.) or Fisher 
(Pittsburgh, Pa.). (y-^^P)ATP (3000 Ci/raraol) and (a-^^P)ATP (800 Ci/mmol) 
were obtained from New England Nuclear (Du Pont, Wilmington, Del.). 
Restriction endonucleases and DNA modifying enzymes were purchased from 
either Bethesda Research Laboratories (BRL) (Gaithersburg, Md.), Promega 
Biotech (Madison, Vis.), Boehringer Mannheim Biochemicals (BMB) 
(Indianapolis, Ind.), or Stratagene (La Jolla, Cal.). Culture media were 
obtained from Difco (American Scientific Products, McGaw Park, 111.), 
Sigma, or Fisher. Bacteriophage M13mpl9 and Escherichia coli strain JMlOl 
were purchased from BRL. A plasmid containing the glucoamylase gene in a 
yeast expression vector, pGAC9, and the laboratory yeast strain of 
Saccharomyces cerevisiae, 0468 (a, leu2-3, leu2-112, his3-ll, his3-15, 
mal") were generous gifts from Cetus Corporation (Emeryville, Cal.). 
Oligonucleotides were purchased from the Iowa State Nucleic Acid Facility. 
Spectra/Por dialysis membranes (Fisher) with a molecular weight cut-off of 
12,000-14,000 were used for protein purification. 
Plasmid purification, subcloning, and sequencing 
Plasmid DNA was isolated according to established procedures (28). 
Fragments isolated for subcloning were purified on the International 
Biotechnologies, Inc. (New Haven, Conn.) electroeluter #UEA, as directed. 
Plasmid DNA for sequencing was prepared as above with an additional 
polyethylene glycol precipitation. Plasmid sequencing and single-stranded 
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DNA preparation and sequencing followed procedures as provided by the 
manufacturers (BNB and BRL, respectively). 
Construction of vector for mutagenesis 
Construction of a restriction endonuclease cassette around Trp 120 
was accomplished by introducing silent mutations at amino acid 112 to 
create a Sail site with the primer CÂGTATTGAGCTACGTAC6ACAGGTC, and at 
amino acid 122 to create a NotI site with the primer TGCGGCCGCCCCCAAGA. 
Both of these mutations were constructed using the two-primer method (29), 
the second primer in each case being the 17-mer universal primer obtained 
from BRL. Mutations were screened for by colony hybridization (30). 
Positive colonies were verified by DNA sequencing (31). Cassette 
mutagenesis was performed as follows. For each mutation 3 yg of the 
cassette primer containing either a nine- or seventeen-base pair overlap 
with the mutant primers were annealed with 3 wg of the mutant 
oligonucleotide and polymerized as above. The following oligonucleotides 
were used; Sall-NotI primer - ATAGATGTCGACGAGACTGCC, Tyr 120 - CAGATGCGG-
CCGCCCGTAAGAACCAGTGTAGGCAGTCTC, Phe 120 - CAGATGCGGCCGCCCGAAAGAACCAGTGTA-
GGCAGTCTC, His 120 - CAGATGCGGCCGCCCGTGAGAACCAGTGTAGGCAGTCT, and Leu 120 -
CAGATGCGGCCGCCCCAGAGAACCAGTGTAGGCAGTCTCGTCGACAT. The oligonucleotides 
were designed to extend beyond the cassette restriction sites. The 
polymerized fragments were digested with NotI and Sail and then ligated 
into the cassette. Mutants were confirmed by sequencing the cassette and 
then were subcloned into pGAMSlO for yeast transformation. The plasmid 
pGAMSlO was constructed from pGAC9 by removal of the carboxyl-terminal 
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Hlndlll site in the glucoamylase gene, performed by digestion of that 
Hindlll site and subsequent filling in of the overhanging bases (28). 
Expression and purification of mutant enzymes 
S. cerevislae was transformed with the mutated plasmids using lithium 
acetate to make the cells competent (32). Glucoamylase was produced using 
a 5-1 fermentation at 30"C and pH 4.5 for 48 h in selective medium (33). 
The broth supernatant was concentrated 20-fold using an Amicon hollow 
fiber filter with a molecular weight cut-off of 10,000, and then was 
precipitated with three volumes of ethanol. The precipitate was 
resuspended in 75 ml of 0.5 M NaCl/0.1 M NaOAc buffer at pH 4.4, 
recentrifuged to remove cell debris, and then loaded onto a 10-mm i.d. x 
20-mm long acarbose affinity column (21). After loading, the column was 
rinsed with the same buffer until the eluant reached a low but constant 
absorbance at 280 nm. The bound enzyme was eluted with a 1.7 M Tris 
buffer, pH 7.6, at a flow rate of 3 ml/min. The eluted enzyme was 
dialyzed against water to remove salts and then lyophilized. 
Protein concentration was determined using the Bio-Rad (Richmond, 
Cal.) dye-binding kit (34) using purified A. niger glucoamylase as a 
standard. 
Determination of kinetic parameters 
Reactions to determine the kinetic parameters were performed with 4 
ml of liquid volume in 5-ml stirred Reacti-Vials (Pierce, Rockford, 111.) 
with substrates of the maltooligosaccharide series from maltose 
(4-0-a-D-glucopyranosyl-D-glucose) to maltoheptaose and with isomaltose 
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(6-0-a-D-glucopyranosyl-D-glucose). Conditions for all kinetic studies 
were 50"C and pH 4.4, using a 0.5 M sodium acetate buffer. Five to six 
samples of 0.2 ml were taken at specified time intervals at each of six to 
nine substrate concentrations, the reaction being quenched by addition of 
a Tris buffer, pH 7.0, to a final concentration of 1 M. Glucose 
concentration was determined by a glucose oxidase method (35). The 
Wilkinson method was used to determine K» and V_ values (36). The 
M m 
quantity k^ was determined by dividing by the molar enzyme 
concentration, using a GAI molecular weight of 95,000. This value was 
used since S. cerevisiae glycosylates glucoamylase to a greater extent 
than A. niger (33). 
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RESULTS 
The kinetic properties of all the mutants were studied using maltose 
and maltoheptaose as substrates. Maltose vas used because it binds only 
to the first two subsites, and maltoheptaose was used since it fills the 
entire active site upon binding. Results of the kinetic experiments on 
the wild-type enzyme and on the four mutant enzymes, Trp-His 120, Trp-Phe 
120, Trp-Leu 120 and Trp-Tyr 120, are shown in Table I. All four of the 
mutants had significantly decreased values with maltose when compared 
to the wild type. However, the kinetic rate constant k^ was much lower in 
each case, varying from 0.02 to 0.005 that of the wild type. When 
maltoheptaose was used as a substrate, the values for three of the 
mutants. His 120, Phe 120, and Leu 120, were all within the same range or 
higher than that of the wild type, but the value for the Tyr 120 mutant 
was significantly less. The k^ values for the His 120, Phe 120, and Leu 
120 mutants were all around 0.02 times that of the wild type, but that of 
the Tyr 120 mutant dropped to 0.005 the original level. 
Since the Tyr 120 mutant showed much stronger binding with 
maltoheptaose than did the wild type, it was further characterized by 
subsite mapping, using maltooligosaccharides with two to seven D-glucosyl 
residues. The kinetic constants using the series of maltooligosaccharide 
substrates for wild-type and Tyr 120 mutant glucoamylases are shown in 
Table II. The values for both enzymes decreased with increasing chain 
length, although to differing extents. An affinity map of the subsites, 
generated from the kinetic data (37), is shown in Figure 2 for both 
Table I. Kinetic parameters for vild-type and mutant A. avamori glucoamylases at pH 4.4 and 50"C 
Wild type Trp-Tyr 120 Trp-His 120 Trp-Phe 120 Trp-Leu 120 
Maltose (GL) 
ko (s-1) 
(mM) 
14.4 ± 0.5* 
1.73 ± 0.14 
8.3 
0.118 ± 0.006 
0.63 ± 0.09 
0.19 
0.066 ± 0.004 
0.92 ± 0.12 
0.07 
0.18 ± 0.01 
0.91 ± 0.15 
0.20 
0.26 ± 0.01 
0.55 ± 0.09 
0.47 
Haltoheptaose (GL) 
(=-') 
Kjj (mM) 
(s"W^) 
87.5 ± 2.4 
0.21 ± 0.01 
417 
0.44 + 0.02 
0.059 ± 0.008 
7.5 
1.40 ± 0.12 
0.32 ± 0.07 
4.4 
1.57 ± 0.10 
0.22 ± 0.02 
7.1 
1.80 ± 0.11 
0.24 ± 0.04 
7.5 
Isomaltose (iG.) 
ko(s-b 
Kj, (mM) 
k^/Kj, (s"W^) 
0.47 ± 0.02 
33.7 ± 3.8 
0.014 
0.0059 ± 0.005 
3.2 ± 0.7 
0.0018 
k^K^ (G,) 
<®2> 
(IGg) 
50.2 
599 
39.4 
104 
62.9 35.5 16.0 
^Standard deviation. 
I 
Table II. Kinetic parameters for wild-type and Tyr 120 mutant A. awamori glucoamylases at pH 4.4 
and 50°C 
Substrate Wild type Trp-Tyr 120 
kb(s' 1) Kjj (mM) ko (s" 1) Kjj (mM) V^M 
(s'W^) (s-lmM-1) 
Maltose 14.4 ± 0.5* 1.73 ± 0.14 8.3 0.118 ± 0.006 0.63 ± 0.09 0.19 
Haltotriose 62.1 ± 3.9 0.73 ± 0.09 85 0.26 ± 0.09 0.12 ± 0.01 2.17 
Haltotetraose 87.1 ± 4.0 0.53 ± 0.07 164 0.57 ± 0.02 0.132 ± 0.009 4.32 
Naltopentaose 93.8 ± 2.6 0.31 ± 0.03 302 0.53 ± 0.03 0.07 ± 0.01 7.57 
Maltohexaose 86.1 ± 3.8 0.20 ± 0.03 430 0.47 ± 0.02 0.074 ± 0.007 6.35 
Maltoheptaose 87.5 ± 2.4 0.21 ± 0.01 416 0.44 ± 0.02 0.059 ± 0.008 7.46 
^Standard deviation. 
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Figure 2. Histogram of subsite affinities of wild-type and Trp-Tyr 120 
A. awamori glucoamylases generated from kinetic parameters at 
pH 4.4 and 50*C 
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enzymes. The wild-type enzyme, even though secreted by S. cerevisiae, 
showed a similar subsite structure to those reported earlier from its 
natural hosts (5-13). The subsite structure of the Tyr 120 mutant shows 
very similar affinities in all the subsites except for subsites 1 and 2, 
which are significantly increased. The affinity of subsite 1 increased by 
4.6 kJ/mol, while that of subsite 2 increased by 2.1 kJ/mol over the wild 
type. 
The Tyr 120 mutant was further characterized using isomaltose as a 
substrate. Isomaltose contains two D-glucosyl units linked in an «-(146) 
configuration, as opposed to the «-(144) linkage of maltose. The 
different linkage results in a different fit in the active site. The 
results of the kinetic experiments on wild-type and Tyr 120 enzymes with 
isomaltose as substrate are shown in Table I. The value decreased 
ten-fold and the k^ value almost a hundred-fold for the Tyr 120 mutant 
compared to the wild type. 
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DISCUSSION 
The four mutations of the Trp 120 residue were selected in order to 
discover the function of the tryptophan side chain. Therefore, three 
other amino acids that have side chains with rings, histidine, 
phenylalanine, and tryosine, were selected, as was leucine, which contains 
a bulky hydrophobic aliphatic side chain. All four of the mutations 
showed a marked Increase in affinity for maltose, a short-chain substrate, 
compared to the wild-type glucoamylase. However, all four mutations also 
showed a dramatic drop in the rate constant, with decreases of 55- to over 
200-fold from the wild type. While this is a significant drop, the enzyme 
still shows activity. Therefore the tryptophan residue is not actually 
essential for activity, but its presence greatly increases it. There is a 
trend toward an increased rate constant with the mutant enzymes on maltose 
based on the hydrophobicity of the side chains, mutations containing amino 
acids with the more hydrophobic side chains, phenylalanine and leucine, 
having a higher k^ value than those mutations with histidine or tyrosine. 
When maltoheptaose is used as the substrate, the same general pattern is 
observed for the k^ values, although for mutations with histidine and 
tryosine, which have the more hydrophilic side chains, the order was 
reversed. The values for maltoheptaose with the histidine, 
phenylalanine, and leucine mutants are all about the same magnitude as the 
wild type, but the tryosine mutant shows over a three-fold increase in 
binding. This increase is likely attributable to hydrogen bonding between 
the tryosine side chain and one of the sugar residues of the substrate. 
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Chemical modification studies had previously identified the Trp 120 
residue as being in subsite 4. Therefore, it is surprising that mutations 
at residue 120 should so strongly affect binding of maltose, which only 
binds to subsites 1 and 2. It may be that a main chain loop present in 
subsites 1 and 2 is not in a proper catalytic position without the 
tryptophan side chain at residue 120, leading to a rather drastic decrease 
in the value. None of the mutant side chains apparently interacts 
correctly with the subsite 1 loop to bring it into the proper catalytic 
position, although the hydrophobic side chains are slightly more active 
than the hydrophilic ones. 
In order to investigate the function of the Trp 120 residue, the Tyr 
120 mutation was further characterized by subsite mapping. The affinities 
of the individual subsites for the wild-type and Tyr 120 enzymes are very 
similar in subsites 3 to 7. However, subsites 1 and 2, particularly 
subsite 1, of the Tyr 120 enzyme show a significant increase in affinity. 
This increase in affinity at subsite 1 supports the idea that the Trp 120 
residue is interacting with a main chain loop in subsites 1 and 2. The 
data suggest that enzyme distortion necessary for catalysis is not 
occurring, but rather that the enzyme is binding maltose in a relatively 
inactive form. Since both enzymes have relatively similar subsite 
affinities in subsites 3 to 7, the tryosine side chain binds the 
0-glucosyl residues in subsite 4 as efficiently as tryptophan. This is 
evident from the decrease in values for both enzymes when using the 
substrates maltotriose and maltopentaose; 0.73 to 0.31 mM for the 
tryptophan-containing wild type, and 0.12 to 0.07 mM for the 
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tryosine-contalning mutant. While the wild-type enzyme shows a decrease 
in K|^ for each 0-glucosyl residue from subsite 3-5, the Tyr 120 mutant 
only shows a decrease from subsite 4 to 5. This suggests that the 
wild-type Trp 120 residue increases binding in subsite 4, but the Tyr 120 
residue increases binding in subsite 5. The remaining three Trp 120 
mutations do not seem to positively influence binding in subsites 4 and 5. 
The increase in binding in subsites 1 and 2 over the wild type for all 
three mutations, as reflected by the lower values observed with 
maltose, is negated when the entire subsite is filled using maltoheptaose 
as a substrate. This is most likely due to a decreased affinity in 
subsite 4 and 5 for these three mutants. These results are consistent 
with the chemical modification studies, which had suggested that the Trp 
120 was in subsite 4. 
The results of the kinetic experiments with isomaltose as substrate 
give further evidence for the interaction of the tryptophan residue with 
subsites 1 and 2. Isomaltose does not fit the active site of the 
wild-type glucoamylase as well as maltose, its Kj^ value being 20 times 
higher than maltose. However, with Tyr 120 isomaltose can fit more 
readily, the value dropping from 33.7 to 3.2 mM. This is even more 
apparent from the ratio of k^/Ky values for maltose and isomaltose (Table 
I). The selectivity for maltose over isomaltose is almost 600 for the 
wild type, but just over 100 for the Tyr 120 mutant. By changing a side 
chain in subsite 4, the selectivity of glucoamylase for two substrates 
occupying only the first two subsites has been lowered by a factor of six. 
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All of the above data suggest that the tryptophan residue, even 
though located in subsite 4, interacts with other amino acids located in 
subsites 1 and 2. Without this interaction, the enzyme is in a much less 
active conformation. The accessible area in subsites 1 and 2 is 
subsequently increased, allowing maltose and especially isomaltose to be 
bound more tightly. This suggests that in its inactive conformation, 
glucoamylase binds maltooligosaccharide subunits rather strongly, even in 
subsite 1. Following substrate binding, the affinity of subsites 1 and 2 
is decreased due to enzyme distortion necessary to fit the transition 
state, thought to be a lactone structure (38). The Trp 120 side chain is 
most likely involved in orienting other amino acids in subsites 1 and 2 
necessary for stabilizing this transition state. A good approximation of 
the magnitude of the energy required for this induced fit can be obtained 
by the difference in the subsite affinities in subsites 1 and 2 for the 
active Trp 120 enzyme and the relatively inactive Tyr 120 enzyme. The 
total of 6.7 kJ/mol of increased binding affinity in the first two 
subsites reflects the energy required for the enzyme to fit and stabilize 
the transition state. 
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SECTION 2. MUTAGENESIS OF ACTIVE SITE CARBOXYLIC ACID RESIDUES 
OF Aspergillus avamori GLUCOAMYLASE 
59 
INTRODUCTION 
Glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3) is an 
industrially important enzyme that hydrolyzes D-glucose from the 
non-reducing end of starch (1). The glucose produced can be used to 
produce high-fructose syrup or as a feed source for fermentation 
processes. Glucoamylase is commercially used for both glucose production 
and ethanol fermentation. 
The subsite structure of glucoamylase consists of seven subsites, 
with the catalytic site located between subsites 1 and 2 (2-10). Kinetic 
studies of glucoamylase using different lactone inhibitors have shown that 
the enzyme induces ring distortion in the substrate during catalysis (11). 
This most likely represents the transition state for the reaction. 
Chemical modification studies of glucoamylase have shown that there are 
carboxylic acid residues present in the active site. Glucoamylase from 
Rhizopus species has one or more carboxyl groups necessary for catalytic 
activity (12, 13). One essential carboxyl group is located in subsite 2 
near subsite 3 (14). Glucoamylase from Aspergillus niger also has one or 
more essential carboxyl groups in the active site (15), as does the enzyme 
from A. niger (16) and A. saitoi (17), in which the carboxyl group was 
also located in subsite 2 or 3. Since the sequences of various fungal 
glucoamylases show very high homology (18), it is likely that the 
carboxylic acid residues essential for catalysis are conserved in all the 
enzymes. Chemical modification studies of glucoamylase from A. niger have 
identified four carboxylic acid residues that are located in the active 
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site: Asp 153, Asp 176, Glu 179, and Glu 180 (19). The last three o£ 
these are in a highly conserved area of the different glucoamylases 
(Figure 1) (18). If one or more of these residues is involved in general 
acid catalysis, changing the residue should drastically decrease enzymatic 
activity. Kinetic studies yielding pK^ values of glucoamylase from R. 
delemar have shown that two ionizable groups in the active center have 
ionization constants of 2.9 and 5.9 (12). At least one and possibly both 
of these groups were characteristic of a carboxylic acid group. Similar 
results were found with glucoamylase from A. niger, again confirming the 
similarities of the active site of different glucoamylases (20). Since 
three highly conserved carboxylic acid residues have been located in the 
active site, and one or possibly two carboxylic acids are involved in 
catalysis, site-directed mutants of Asp 176, Glu 179, and Glu 180 were 
constructed. The three carboxylic acids were mutated to their respective 
amine equivalents to study the role of each residue in enzymatic activity. 
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gaAn (169) YWNQTGYDLWEEVNG (183) 
gaSd (522) H—SS—F———————— (536) 
gaRo (329) V-SNGCF (343) 
gaSf (245) Y-DS--F NQ- (259) 
Figure 1. Sequence homologies among fungal and yeast glucoamylases. The 
homologous region is centered around the Asp 176 residue from 
A. niger glucoamylase. Sequences from the following organisms 
were aligned: gaAn, glucoamylase from A. niger; gaSd, 
glucoamylase from S. diastaticus; gaRo, glucoamylase from 
R. oryzae; gaSf, glucoamylase from S. fibuligera (18); Symbols: 
-, residue is identical to that shown for A. niger; •, the 
mutated Asp 176, Glu 179, and Glu 180 residues in A. niger 
glucoamylase. Numbers in parentheses represent the amino acid 
number of the protein 
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MATERIALS AND METHODS 
Enzymes and reagents 
Enzymes and reagents used for the mutagenesis procedures were the 
same as described previously (21), with the exception of the 
oligonucleotides used to construct the mutations. Construction of a 
restriction endonuclease cassette around the carboxylic acids at positions 
176, 179, and 180 was accomplished by introducing silent mutations at 
amino acids 165 and 166 to create a SnabI site and at amino acid 194 to 
create an Apal site. The following primers were used to create the two 
restriction sites: SnabI - CAGTATTGAGCTACGTACGACAGGTC and Apal -
ACAAGGGCCCGGTGTTG. The second primer used in each case was the 17-mer 
universal primer, as previously described (21). 
Cassette mutagenesis 
Cassette mutagenesis was performed on the Snabl-Apal cassette to 
construct an Hpal site through a silent mutation at amino sites 181 and 
182. This was accomplished using two 54-mer oligonucleotides containing 
the Hpal mutation within a 12-base-pair overlap region. The two 
oligonucleotides used were Primer 1 - ATATTGGGCCCGGTGTTGCACAGCAATCGTAAA-
GAAAGACGAGCCGTTAACGGC and Primer 2 - GTAGCTCAATACTGGAACGACACAGGATATGAT-
CTCTGGGAAGAAGTTAACGGC. Three yg of each oligonucleotide were used for 
annealing and polymerization as described (21). The resulting Snabl-Hpal 
cassette from amino acids 165-181 was used for construction of the three 
carboxylic acid mutations: Asp-Asn 176, Glu-Gln 179, and Glu-Gln 180. 
These mutations were constructed using a constant primer for the 
SnabI-Hpal cassette and one of the mutant primers, which contained a 
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nine-base-pair overlap region with the cassette primer, as described 
previously (21). The primers used for the cassette mutagenesis were 
Snabl-Hpal primer - AGTTACGTAGCTCAATACTGGAACCAGACAGGATATGAT, Asn 176 -
AACTTCTTCCCAGAGGTTATATCC, Gin 179 - AACTTCCTGCCAGAGATCATATCC, and Gin 
180 - AACCTGTTCCCAGAGATCATATCC. The resulting mutagenic fragments were 
ligated into the vector, which had been digested with Hpal and SnabI, 
electroeluted, and treated with calf intestinal phosphatase to prevent 
self-religation of the blunt ends. Mutants were screened and subcloned as 
described (21). 
Yeast transformation, protein production and purification, and enzyme 
kinetics were all performed as described earlier (21). 
F 
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RESULTS 
Kinetic studies on the carboxylic acid mutations were performed using 
maltose, maltoheptaose, and isomaltose as substrates. Maltose (4-0-a-D-
glucopyranosyl-D-glucose) and isomaltose (6-0-a-D-glucopyranosyl-D-
glucose) were used to study binding in the first two subsites, where 
maltose fits the active site very closely while isomaltose does not. 
Maltoheptaose was used to study binding of the entire active site. 
Results of these kinetic experiments are shown in Table I. The kinetic 
parameters for the Glu-Gln 179 mutation using maltose and isomaltose as 
substrates were not detectable, since the reaction rates were below the 
detectability limit (k^ > 0.010 s~^ for maltose and k^ > 0.005 s"^ for 
isomaltose). The k^ value for the Glu-Gln 179 mutation using 
maltoheptaose as a substrate was 0.049 s~^, almost a 2000-fold decrease 
from that of the wild type. The value was slightly lower than that of 
the wild type, but very similar. 
The kinetic constants for the Glu-Gln 180 mutation also showed large 
differences from the wild type. For both substrates, maltose and 
maltoheptaose, the value increased sharply, for maltose increasing from 
1.73 to 41.4 mM, and for maltoheptaose increasing from 0.21 to 9.4 mM. 
However, the value for isomaltose increased less than three-fold, from 
33.7 to 95.0 mM. The k_ values decreased from three- to nine-fold for all 
the substrates. 
The kinetic results for the Asp-Asn 176 mutation with all three 
substrates, maltose, maltoheptaose, and isomaltose, showed a 10- to 
Table I. Kinetic parameters for wild-type and mutant A. avamori glucoanylases at pH 4.4 and 50"C 
Maltose (Gj) 
(s-1) 
(mM) 
Maltoheptaose (G^) 
ko (s"^) 
Kj, (mM) 
Isomaltose (iGg) 
k„ (s-l) 
Kjj (mM) 
ko/Kjj (s~^mM~^) 
ko/K„(G7> 
k^/K^(iG2) 
Wild type Asp-Asn 176 Glu-Gln 179 Glu-Gln 180 
14.4 ± 0.5* 
1.73 ± 0.14 
8.3 
87.5 ± 2.4 
0.21 ± 0.01 
417 
0.73 ± 0.03 
6.2 ± 0.6 
0.118 
8.2 ± 0.3 
0.63 + 0.07 
13.0 
0.049 ± 0.003 
0.15 ± 0.03 
0.32 
1.53 ± 0.04 
41.4 ± 4.6 
0.037 
30.8 ± 1.7 
9.4 ± 1.10 
3.3 
0.47 ± 0.02 0.052 ± 0.05 0.18 ± 0.01 
33.7 ± 3.8 135 ± 25 95.0 ± 11.5 
0.014 0.00039 0.0019 
50.2 110.2 89.2 
599 303 19.5 
^Standard deviation. 
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20-fold decrease in k^, as well as a three- to four-fold increase in the 
corresponding values. The selectivity of the Asp-Asn 176 mutation 
toward maltose over isomaltose hydrolysis, as reflected in the ratio of 
k /Kw values for the two substrates, decreased two-fold, while the 
O n 
corresponding selectivity for maltoheptaose over maltose hydrolysis 
increased two-fold. To further study the effect of this mutation on the 
active site, the subsite map shown in Figure 2, reflecting the affinities 
of each subsite for a D-glucosyl residue, was generated using kinetic data 
from the maltooligosaccharide series (Table II). Values of increased, 
and those of k^ decreased from maltotetraose to maltopentaose, which is 
reflected in the negative affinity in subsite 5 for the Asp-Asn 176 
mutation. 
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Figure 2. Histogram of subsite affinities of wild-type and Asp-Asn 176 
A. awamori glucoamylases generated from kinetic parameters 
at pH 4.4 and 50°C 
Table II. Kinetic parameters for wild-type and Âsp-Asn 176 A. avamori glucoamylases at pH 4.4 and 
50°C 
Substrate Wild type Asp-Asn 176 
ko (s-1) Kjj (mM) k^/Kjj (s"W^) ko (s-1) Kj, (mM) k^/Kjj (s ImM'l) 
Maltose 14.4 ± 0.5* 1.73 ± 0.14 8.3 0.73 ± 0.03 6.20 ± 0.60 0.12 
Maltotriose 62.1 ± 3.9 0.73 ± 0.09 85 3.29 ± 0.20 1.75 ± 0.23 1.88 
Haltotetraose 87.1 ± 4.0 0.53 ± 0.07 164 6.40 ± 0.20 0.87 ± 0.07 7.36 
Maltopentaose 93.8 ± 2.6 0.31 ± 0.03 303 6.10 ± 0.40 1.26 ± 0.17 4.84 
Naltohexaose 86.1 ± 3.8 0.20 ± 0.03 431 8.50 
S
 
d •
H 
1.03 ± 0.08 8.25 
Maltoheptaose 87.5 ± 2.4 0.21 ± 0.01 417 8.20 
d •
H 
0.63 ± 0.07 13.01 
^Standard deviation. 
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DISCUSSION 
Three carboxyllc acids, Asp 176, Glu 179, and Glu 180, were selected 
for mutagenesis to determine their role in D-glucosyl bond cleavage, since 
they are most likely to be in the active site, based on previous studies. 
Each carboxylic acid residue was changed to its respective amine 
equivalent so that the size of the amino acid side chain would not vary. 
From the kinetic data it is apparent that the Glu 179 residue is involved 
in the actual hydrolysis of the substrates. For the Glu-Gln 179 mutation, 
the k^ value for maltoheptaose decreased almost 2000-fold, while the 
value was essentially unchanged. Therefore the Glu 179 residue affects 
the hydrolysis, but not the binding, of the substrate. Assuming that the 
active sites of Rhizopus and Aspergillus species are the same, which is 
supported by the high degree of homology not only throughout the 
functional segment of glucoamylase, but particularly in the Glu 179 
region, the Glu 179 residue should therefore be one of the ionizable 
groups which had been previously shown to have an unbound pK value of 
either 2.9 or 5.9 (12). While these pK values are either a little high or 
low for a glutamic acid group, the value should reflect the presence of at 
least one other acidic residue. Glu 180, nearby. 
The role of the Glu 180 residue is quite different from that of the 
adjacent Glu 179 group. Values of k^ for the Glu-Gln 180 mutation are 
one-third that of the wild type for isomaltose and maltoheptaose, and 
one-ninth for maltose. The values are even more dramatically affected; 
the for maltose increases more than twenty times over the wild type, 
for maltoheptaose over forty times, but for isomaltose only about three 
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times. Therefore, the Glu 180 residue is involved in the binding of all 
three substrates. The transition state, resembling a lactone structure 
(11), that is stabilized in subsite 1 should be the same for maltose, 
isomaltose, and maltoheptaose. If Glu 180 were involved in binding in 
subsite 1, it should affect the and values of these three substrates 
to the same extent. This is not the case, since the value for 
isomaltose was affected to a much lesser degree than that of maltose. The 
selectivity of the Glu-Gln 180 mutation toward isomaltose as compared to 
the wild type demonstrates this more clearly. The selectivity, as 
expressed by the ratio of k^/K^ values, represents over a thirty-fold 
decrease in selectivity for maltose over isomaltose in the mutant enzyme. 
The corresponding selectivity for maltoheptaose over maltose shows an 
increase of 1.8. If Glu 180 were located in subsite 2, then maltose and 
isomaltose would be affected very differently, while maltose and 
maltoheptaose would be affected similarly, which is supported by the 
kinetic data. 
The effect of the Asp-Asn 176 mutation is not as clear as the 
mutations at 179 and 180. The results from studies with maltose and 
isomaltose show that the selectivity for maltose has decreased by a factor 
of two over the wild type, based on the ratio of k^/K^ values. The 
selectivity for maltoheptaose over maltose, however, has increased by a 
factor of two. This indicates that the Asp 176 residue is located in 
subsites 1 and 2, similar to Glu 180. As explained above, if the Asp 176 
residue were involved in binding in or near subsite 1, the effect on 
binding of maltose, maltoheptaose, and isomaltose should be similar. 
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whereas if it were in subsite 2, it should be different. The values 
for the substrates increased by factors of 3.0, 3.6, and 4.0 for 
maltoheptaose, maltose, and isomaltose, respectively. This close 
agreement of all the values, particularly those of the two short-chain 
substrates, maltose and isomaltose, indicate that the Asp 176 residue is 
indeed involved in binding near subsite 1. The values decreased nine-
to twenty-fold for all the substrates. This indicates that the binding of 
the Asp 176 residue near subsite 1 also affects the rate constant and is 
therefore more complex than the binding provided by Glu 180. This was 
more apparent from the kinetic constants generated from the series of 
maltooligosaccharides. The affinity at subsite 1 was unaffected in the 
Asp-Asn 176 mutation as compared to the wild type, but the affinity at 
subsite 2 was reduced by almost 5 kJ/mol. The decrease in affinity of 
subsite 2 combined with the previous analysis of the values of maltose 
and isomaltose indicate that the Asp 176 residue lies between subsites 1 
and 2, the binding constants being affected in a manner similar to a 
residue in subsite 1 and the affinity affected as if the residue were in 
subsite 2. Therefore it is likely that the Asp 176 residue represents the 
second ionizable group in the active site (12). 
Further analysis of the affinity map shows that there was a jump in 
K|^ values from maltotetraose to maltopentaose. This shows up as a 
negative affinity for subsite 5 in the subsite map in Figure 2. It is 
surprising that a residue which affects the binding and hydrolysis of 
maltose and isomaltose in subsites 1 and 2 should also be able to 
differentially affect the binding of maltotetraose and maltopentaose in 
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subsites 4 and 5. This is the same result that was indicated by 
mutagenesis studies of the Trp 120 residue (21), although then a residue 
in subsite 4 was affecting the binding of subsites 1 and 2, whereas this 
time a mutation showed that a residue in subsite 1 and 2 affected binding 
in subsites 4 and 5. Therefore, this study indicates that the Asp 176 
residue is likely to be located near one of the residues in subsites 1 and 
2 involved in the interaction with Trp 120. By changing the Asp 176 
residue, the interaction with Trp 120 was altered and binding at subsites 
4 and 5 was affected. The studies of the Trp 120 residue showed that 
without a tryptophan at residue 120, that residue affected binding in 
subsite S, instead of subsite 4. Therefore if the tryptophan residue is 
not in the proper catalytic configuration, subsite 5 is affected. This is 
exactly what happened with the Asp-Asn 176 mutation, the affinity of 
subsite 5 decreasing by 2.6 kJ/mol. The presence of the Asp 176 residue 
is not as crucial as the presence of the Trp 120 residue for this 
interaction, the values not being as severely altered for the Asn 176 
mutation, when compared to the wild type, as for the various mutations of 
the Trp 120 residue. This indicates that the Asp 176 residue is located 
near other residues that interact with the Trp 120 residue, but by itself, 
probably is not directly involved with this interaction. 
These studies indicate that the Glu 179 residue represents one of the 
ionizable groups of glucoamylase, most likely the group with pK of 5.9. 
This value is higher than normally expected of a glutamic acid residue due 
to the presence of the non-ionized Glu 180 residue nearby. The Glu 180 
residue is involved in binding the substrate in subsite 2, having a very 
73 
large Influence on the binding constant of maltose. The Asp 176 residue 
is located between subsites 1 and 2 and most likely represents the second 
ionizable group with pK of 2.9, typical for an aspartic acid group. 
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SECTION 3. MUTAGENESIS OF Aspergillus awamori GLUCOAMYLASE 
RESIDUES BASED ON FUNCTIONAL HOMOLOGIES 
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INTRODUCTION 
Glucoamylase (l,A-a-D-glucan glucohydrolase, EC 3.2.1.3) catalyzes 
the release of D-glucose from the non-reducing end of starch and is 
commercially used for glucose production and ethanol fermentation. The 
sequences of several glucoamylases from a variety of fungal sources have 
been obtained and found to have high homology (1), suggesting that the 
enzymes are all structurally and functionally similar. 
Kinetic modelling has demonstrated that all the glucoamylases have 
similar active sites (2-13). Furthermore, chemical modification studies 
on various glucoamylases have shown that tryptophan residues and 
carboxylic acid residues are both important in catalysis (11, 14-26). 
Specifically, the glucoamylase from Aspergillus niger has a trytophan 
residue (Trp 120) and four carboxylic acid residues (Asp 153, Asp 176, Glu 
179, and Glu 180) in the active site (26, 27). A second tryptophan in the 
active site has not been conclusively located (27). 
Site-directed mutagenesis studies (28, 29) of glucoamylase from 
Aspergillus avamori, which is identical to that from A. niger, have 
identified the function of some of these active site residues. The Asp 
176 and Glu 179 residues are involved in hydrolysis of the D-glucosidic 
bond, representing the ionizable groups in the active site of glucoamylase 
(25, 29). The Glu 180 residue provides a strong bond, particularly with 
a-(l-»4)-linked substrates in subsite 2 (29). The Trp 120 residue in 
subsite 4 interacts with residues near the Asp 176 residue in subsites 1 
and 2, to induce the enzyme into the proper catalytic configuration (28, 
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29). The Asp 176 and Glu 180 residues both affect binding, which results 
in a decreased selectivity for the cleavage of maltose (4-0-a-D-
glucopyranosyl-D-glucose) over isoraaltose (6-0-otr-D-glucopyranosyl-D-
glucose) (29). Since both Asp 176 and Glu 180 can Influence the 
selectivity of maltose hydrolysis, it is possible that other residues 
located nearby that were not as essential for maltose hydrolysis could 
also Influence this selectivity. Since the Trp 120 residue Interacts with 
residues near Asp 176, it is possible that residues adjacent to it could 
also Influence the maltose selectivity. Therefore mutations were 
constructed in these regions to study the effect they would have on the 
catalytic rate coefficients as well as on selectivity for maltose and 
isomaltose hydrolysis. 
A mutation near the Trp 120 residue was selected, based on its 
likelihood of residing in the active site. Chemical modification of 
glucoamylase has shown that there is a tryosine residue in the active site 
at a distance from the catalytic site (30). Sequence homology of the 
glucoamylases Indicate a highly conserved tryosine at location 116 in 
A. niger (1). This tyrosine residue is also conserved in a homologous 
stretch in Taka-amylase A (Figure 1) (31), and in that enzyme it is 
located in the active site (32). Therefore the Tyr 116 residue was 
modified to study its effect on enzymatic activity. If the tyrosine side 
chain is Involved in binding of the substrate, it would most likely 
involve a hydrogen bond formed with its hydroxyl group. Therefore the Tyr 
116 residue was mutated to alanine, a residue that contains a small 
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gaAn (111) 
• 
VDETAYTGSVGRPQRDGPALRA (132) 
gaSd (457) (478) 
gaRo (270) P-GSG A N E— (291) 
gaSf (157) (178) 
TAA (74) AYDG Y-QTSGLEVKENYG (95) 
Figure 1. Sequence homologies among fungal and yeast glucoamylases and 
Taka-amylase A. The homologous region is centered around the 
Trp 120 residue from A. niger glucoamylase. Sequences from 
the following organisms were aligned: gaAn, glucoamylase 
from A. niger; gaSd, glucoamylase from S. diastaticus; gaRo, 
glucoamylase from R. oryzae; gaSf, glucoamylase from S. 
fibuligera (23); TÂA, Taka-amylase A from A. oryzae (31). 
Symbols: -, residue is identical to that shown for A. niger; 
V, Try 116 residue in A. niger glucoamylase. Numbers in 
parentheses represent The amino acid number of the protein 
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hydrophobic side chain, eliminating the possibility of hydrogen bonding 
and perhaps influencing enzymatic activity. 
A drawback in the industrial use of glucoamylase to produce glucose 
is that glucose yields are limited to 95% in concentrated starch 
solutions. This occurs because of the slow hydrolysis of *-(l46)-D-
glucosidic bonds in starch and the formation of various condensation 
products, mainly a-(l->6)-linked isomaltooligosaccharides in a stepwise 
manner from D-glucose (33). A reduction of the rate that glucoamylase 
cleaves (and therefore forms) «-(l-*6) bonds relative to the rate it 
cleaves «-(l->4) bonds is interesting from both a scientific and practical 
viewpoint. Since both the Asp 176 and Glu 180 residues located in 
subsites 1 and 2 affect this selectivity, it may be possible that other 
residues nearby could influence the selectivity in favor of maltose 
hydrolysis. Based on homology in this region between several 
glucoamylases and a-glucosidases, which are hydrolases that can to some 
extent cleave and synthesize all «-linked D-glucosyl bonds, 
a-glucosyltransferases, which can synthesize a-(l->6)-D-glucosidic bonds, 
and a-amylases, endo-glucanases that cleave and form only «-(l->4)-D-
glucosidic bonds (31), three residues were selected for mutagenesis 
(Figure 2). 
Leu 177 was mutated to histidine, since all enzymes active on 
a-(l-»6)-D-glucosidic bonds containing leucine, isoleucine, or valine, all 
with small aliphatic side-chains, at this position, while enzymes active 
only on a-(l-»4)-D-glucosidic bonds contained primarily phenylalanine or 
tryptophan, which have large aromatic side-chains. The histidine residue 
Figure 2. Homologies of glucoamylases, «-amylases, «-glucosidases, and 
transglucanosylases (31). Numbers in parentheses indicate 
amino acid numbers, a - Leu 177, Trp 178, and Asn 182 
residues of A. niger glucoamylase. Enzyme codes are explained 
below ~ 
Code Enzyme Source 
oBli «-amylase EC 3.2.1.1 Bacillus licheniformis 
oBst «-amylase EC 3.2.1.1 B. stearothermophilus 
«Bam «-amylase EC 3.2.1.1 B. amyloliquefaciens 
«Bsu «-amylase EC 3.2.1.1 B. subtilis 
«Shy «-amylase EC 3.2.1.1 Streptomyces 
hygroscopicus 
oBl «-amylase EC 3.2.1.1 Barley isozyme 1 
«B2 «-amylase EC 3.2.1.1 Barley isozyme 2 
«Dm «-amylase EC 3.2.1.1 Drosophila 
melanogaster 
PPA «-amylase EC 3.2.1.1 Pig pancreas (rat and 
mouse) 
HAP/S «-amylase EC 3.2.1.1 Human pancreas/saliva 
TAA «-amylase EC 3.2.1.1 Aspergillus oryzae 
(Taka-amylase A) 
M maltase EC 3.2.1.20 Saccharomyces 
cerevisiae 
I isomaltase EC 3.2.1.10 Rabbit intestine 
S sucrase EC 3.2.1.48 Rabbit intestine 
gaAn glucoamylase EC 3.2.1.3 Aspergillus niger 
gaRh glucoamylase EC 3.2.1.3 Rhizopus oryzae 
gaSd glucoamylase EC 3.2.1.3 Saccharomyces 
cerevisiae 
(diastaticus) 
CGT cyclodextrin EC 2.4.1.19 B. macerans 
glucanotransferase 
AM amylomaltase EC 2.4.1.25 Streptococcus 
pneumoniae 
BE branching enzyme EC 2.4.1.18 E. coli 
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a-amylases 
«-glucosidases 
glucoamylases 
t ransglucanosylases 
• 1. oBli 222-E L Q L D G R F L D A V K H 
2. oBst 225-T T N I D G F R L D A V K H 
3. «Bam 222-E L S L D G F R I D A A K H 
4. oBsu 167-N D G A D G F R F 0 A A K H 
5. «Shy 165-S L G V D G F R I D A A K H 
6. «B1 171-D L G F D A V R L D F A R G 
7. «B2 170-D H R L D G W R F D F A K G 
a. «Dm 177-D L G V A G F R V D A A K H 
9. PPA 188-D I G V A G F R L D A S K H 
10. HAP/S 188-D I G V A G F R I D A S K H 
11. TAA 197-N Y S I D G L R I D T V K H 
12. M 205-D H G V D G F R I D T A G L 
13. I 496-E V N Y D G L W I I  ®M N E V 
14. S 1385-Y M K F D G L W I® IM N E P 
15. gaAn 172-Q T G Y®- L w( 3 (g >v N G S 
16. gaRh 307-N G C F D - L w E E V N G V 
17. gaSd 525-S S G F D - L w E E V N G M 
18. CGT 220-G M G V D G I R F D A V K Q 
19. AM 286-F K I Y D I V R I D H F R G 
20. BE 395-R F G I D A L 
• 
R 
A 
V D A V 
• 
A S 
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was selected to replace leucine, since its ring structure may favor the 
a-(l->4)-D-glucosidic bonds, while the hydrophilic nature of the ring may 
disfavor the a-(l-»6)-D-glucosidic bond. Trp 178 was mutated to arginine, 
since the tryptophan residue at that position was conserved in the 
glucoamylases and two of three a-glucosidases, but was replaced with an 
arginine residue in all the a-amylases. Asn 182 was mutated to alanine 
based on similar comparisons, the arginine at that position being 
conserved in all the glucoamylases and two of three a-glucosidases, but 
replaced with residues containing short aliphatic side chains, usually 
alanine, in most of the a-amylases. Kinetic parameters of the mutated 
glucoamylases were measured using maltose, isomaltose, and maltoheptaose 
as substrates. 
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MATERIALS AND METHODS 
Enzymes, reagents, and construction of mutations using cassette 
mutagenesis were carried out as described (28). The Leu-His 177 and 
Trp-Arg 178 mutations were constructed in the Snabl-Hpal cassette as 
previously described (29) using the following oligonucleotides: His 177 -
ATAGTTAACTTCTTCCCAGATATCATATCCTGTCTG and Arg 178 - ATAGTTAACTTCTTCGCG-
GAGATCATATCCTGTCTG. The Tyr-Ala 116 mutation was constructed in the 
Notl-Sall cassette as described (28) using the oligonucleotide Ala 116 -
CAGATGCGGCCGCCCCCAAGAACCAGTAGCGGCAGTCTCGTC. The Asn-Ala 182 mutation was 
constructed in the Hpal-Apal cassette using the following cassette and 
mutagenic primers containing a 15-base pair overlap: Hpal-Apal cassette 
primer - ATGGGCCCGGTGTTGCACAGCAATCGTAAAG, and Ala 182 - GCTGGATCCTCTTTC-
TTTACGATTGCTGT. 
Production, purification, and kinetic characterization of the mutated 
enzymes was performed as before (28). 
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RESULTS 
The results of the kinetic studies of the four mutations; Tyr-Ala 
116, Leu-His 177, Trp-Arg 178, and Asn-Ala 182, using maltose, 
maltoheptaose, and isomaltose as substrates, are given in Table I. The 
values for the Tyr-Ala 116 mutation on all three substrates decreased tvo-
to seven-fold compared to the wild type. The values showed a different 
trend, decreasing for maltose and isomaltose, but increasing by a factor 
of three for maltoheptaose. The selectivity for maltose over isomaltose 
hydrolysis, as reflected in the ratio of the k^/K^ values, was virtually 
unchanged from that of wild-type glucoamylase. The selectivity for 
maltoheptaose over maltose decreased two-fold. 
The k values for the Leu-His 177 mutation also decreased for all 
0 
three substrates, the value for isomaltose decreasing ten-fold and the 
values for maltose and maltoheptaose decreasing almost six-fold. The 
values increased by 50% for maltoheptaose and isomaltose, but three-fold 
with maltose. The selectivity for isomaltose over maltose hydrolysis was 
again relatively unchanged from the wild-type enzyme, but the selectivity 
for maltoheptaose cleavage doubled. 
The k^ values for the Trp-Arg 178 mutation decreased four- to eight­
fold for all the substrates compared to wild-type glucoamylase. The 
values decreased slightly for maltose and increased slightly for malto­
heptaose when compared to the wild-type enzyme. The K|^ value for 
isomaltose, however, more than doubled. This was reflected in a two-fold 
increase in the selectivity for maltose over isomaltose hydrolysis 
Table I. Kinetic parameters for wild-type and mutant A. avaaori glucoamylases at pH 4.4 and 50"C 
Wild type Tyr-Ala 116 Leu-His 177 Trp-Arg 178 Asn-Ala 182 
Maltose (Gg) 
"o 
Kjj (mM) 
k^/Kjj (mM ^s 1) 
14.4 ± 0.5 
1.73 ± 0.14 
8.32 
2.08 ± 0.03 
0.71 ± 0.04 
2.93 
2.59 ± 0.09 
5.32 ± 0.28 
0.49 
1.86 ± 0.11 
1.52 ± 0.28 
1.22 
11.6 ± 0.3 
1.38 ± 0.10 
8.41 
Maltoheptaose (G^) 
(s'l) 87.5 
Kj, (mM) 
k^/Kj, (mM~^s~^) 417 
± 2.4 
0.21 ± 0.01 
46.9 ± 1.7 
0.69 ± 0.06 
68 
15.9 ± 0.8 
0.30 ± 0.04 
53 
16.7 ± 0.5 
0.27 ± 0.02 
62 
65.0 ± 2.7 
0.26 ± 0.04 
250 
Isomaltose (iGL) 
(=-') 
Kjj (mM) 
k^/Kjj (mM"^s"^) 
0.47 ± 0.02 
33.7 ± 3.8 
0.0139 
0.111 ± 0.005 
23.2 ± 3.0 
0.0048 
0.048 ± 0.002 
49.7 ± 5.7 
0.0010 
0.073 ± 0.003 
73.1 ± 6.6 
0.0010 
0.40 ± 0.02 
64.3 ± 6.1 
0.0062 
VS, (G7) 
k^K^ (Gg) 
(iS) 
50.2 
599 
23.2 
612 
109 
504 
50.5 
1220 
29.7 
1360 
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compared to the wild-type enzyme. The selectivity for maltoheptaose was 
unchanged. 
The values for the Asn-Ala 182 mutation decreased slightly 
compared to wild-type glucoamylase, but not nearly to the extent of the 
other mutations. The value for maltose decreased slightly, the value 
for maltoheptaose Increased slightly, and the value for isomaltose 
doubled. This change in binding is reflected in a more than two-fold 
increase in selectivity for maltose cleavage as compared to the wild type. 
There is also a two-fold decrease in the selectivity for maltoheptaose 
compared to the wild-type enzyme. 
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DISCUSSION 
The four glucoamylase mutations constructed, Tyr-Ala 116, Leu-His 
177, Trp-Arg 178, and Asn-Ala 182, were all based on homology with related 
enzymes. The mutations were either based on a known crystal structure, as 
for the Tyr-Ala 116 construction, or on a suggested functional role on 
homology of enzymes with slightly different functional capabilities, as 
with the Leu-His 177, Trp-Arg 178, and Asn-Ala 182 constructions. 
The mutation of Tyr 116 was performed to see if this residue 
maintained an important role in glucoamylase, since its homologous 
counterpart in Taka-amylase A is involved in binding. Kinetic results 
show that the Tyr 116 residue in glucoamylase seems to play a role in 
subsltes 1 and 2, since the values of the Tyr-Ala 116 mutant for both 
maltose and isomaltose decreased, indicating that the binding in these two 
subsltes had improved. The Increase in binding Is not reflected in the 
longer substrate, maltoheptaose, where the value increased three-fold. 
This suggests that the increase in binding in subsltes 1 and 2 Is offset 
by a decrease In binding In subsltes 3 through 7. Therefore, the Tyr 116 
residue seems to affect more than one subsite. This Is the same function 
exhibited by the Trp 120 residue (28), although the mutation of the Tyr 
116 residue did not affect the catalytic rate as drastically as mutations 
of the Trp 120 residue. The effect of Tyr 116 on subsltes 1 and 2 may 
either reflect a direct Interaction with residues located in those 
subsltes, or an indirect interaction through its effect on the positioning 
of the Trp 120 residue. Due to the greatly reduced effect on catalysis of 
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the Tyr 116 residue compared to that of the Trp 120 residue, Tyr 116 is 
most likely involved in the correct positioning of the Trp 120 residue. 
The results of the three mutations Leu-His 177, Trp-Arg 178, and 
Asn-Ala 182, which were based on homology studies of similar enzymes with 
different catalytic functions, are very promising. The mutations were 
constructed to study the differential role of these residues in the 
hydrolysis of maltose and isomaltose. The results of the Leu-His 177 
mutation show a slight decrease in the selectivity for maltose hydrolysis 
when compared to wild-type glucoamylase. This is due primarily to a 
decreased affinity for maltose, the value increasing three-fold. Based 
on homology with a-amylases, presence of a hydrophobic aromatic ring, 
present in all the «-amylases except Taka-amylase A, which contains a 
hydrophobic leucine residue, should favor maltose hydrolysis activity over 
that of isomaltose. Kinetic results show that the replacement of the Leu 
177 in glucoamylase, which favors cleavage of the a-(l-»6) bond in 
isomaltose, with the hydrophilic ring side chain of histidine, decreased 
the selectivity for maltose hydrolysis as compared to the wild-type 
enzyme. This indicates that a hydrophobic ring structure at position 177 
should increase selectivity for maltose hydrolysis, while a hydrophilic 
ring structure decreased selectivity for maltose, while also decreasing 
the catalytic rate constant substantially. 
The other two mutations, Trp-Arg 178 and Asn-Ala 182, demonstrated 
the desired increase in selectivity for maltose hydrolysis. The ratio of 
k^/K^ values Increased from 599 for wild-type glucoamylase to 1220 for the 
Trp-Arg 178 mutation to 1360 for the Asn-Ala 182 mutation. These two 
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mutations were based on substitutions to make the glucoamylase active site 
more like the active site of a-amylases, which lack «-(l-*6) hydrolytic 
capability. In both cases a decrease in a-(l->6) selectivity resulted. 
The Trp-Arg 178 mutation, while Increasing the selectivity for maltose 
cleavage, also significantly decreased the rate constant not only for 
isomaltose, but for maltose and maltoheptaose as well. The decrease in 
the rate constant may either be due to the interaction of residue 178 with 
the Trp 120 residue as discussed above, or by direct interaction with the 
catalytic site. The value with maltoheptaose for the Trp-Arg 178 
mutation increased slightly, but not enough to conclusively show an 
interaction with Trp 120. The Asn-Ala 182 mutation showed over a two-fold 
increase in selectivity for maltose over isomaltose hydrolysis with a 
relatively small drop in the rate constant. While other nearby mutations, 
Asp-Asn 176, Leu-Hls 177, Trp-Arg 178, and Glu-Gln 180, altered 
selectivity at the rather high expense of a large decrease in catalytic 
rate, the Asn-Ala 182 mutation had a high effect on selectivity without 
affecting the catalytic rate greatly. This mutation showed an increase in 
binding of maltose, the dropping from 1.73 to 1.38 mM compared to 
wild-type glucoamylase, but a decrease in binding of isomaltose, the 
value Increasing from 33.7 to 64.3 mM. Since the binding of maltose and 
isomaltose was differentially affected, while the rate constant was 
decreased by the same relatively small amount for all the substrates, 
residue 182 seems to be involved only in binding at subsite 2 in such a 
way that maltose binding is favored more than binding of isomaltose. 
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These mutations demonstrate that it is possible to predict functional 
changes in enzymatic activity based entirely on homology studies, either 
of enzymes with a known crystal structure, or, more Important, of enzymes 
for which no crystal structure is known, but for which functional 
differences exist. Since many enzymes exist that may have various 
functional homologies but no solved crystal structures, this is an 
encouraging result. 
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CONCLUSIONS AND RECOMMENDATIONS 
While glucoamylase has been subjected to rather extensive kinetic 
characterization to quantitatively define the active site and to many 
chemical modification studies to identify either the specific residue or 
type of residue in the active site, relatively little is known about the 
actual configuration of the active site. This is due to the lack of a 
known structure for the enzyme. Glucoamylase, along with the majority of 
enzymes, has not been crystallized, and therefore does not have a solved 
three-dimensional x-ray crystallographic structure. Since glucoamylase is 
representative of the majority of enzymes in this respect, the theories 
and techniques used to elucidate some of its functional characteristics 
are applicable to all these enzymes. Previous studies using site-directed 
mutagenesis, while demonstrating the rather surprising complexity of the 
individual enzymes studied, were only applicable to enzymes with known 
crystal structures. 
The structure of glucoamylase can be hypothesized by its similarity 
to other known structures with similar function. Taka-amylase A, besides 
having functional similarities, also has a certain degree of homology with 
glucoamylase (1). The structure of Taka-amylase A is based on one of the 
major stable enzymatic structures, the eight-member a/3 barrel (2). This 
structure consists of eight sets of alternating a-helical and 3-sheet 
units, the a-helices forming the outside of the barrel and the g-sheets 
lining the inside of the barrel. The outside, composed of the exposed 
surfaces of the a-helices, usually consists of residues with hydrophilic 
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side chains. The inside, composed of the exposed surfaces of the 
gLsheets, usually consists of residues with hydrophobic side chains, 
giving the structure a hydrophilic outside surface and a hydrophobic core. 
The catalytic cleft of enzymes with this structure is normally found at 
one end of the barrel formed by the ends of the eight ^-sheets. The 
a-helical and (S-sheet segments are separated in the amino acid sequence by 
loops, regions without a specific tertiary structure. These loop regions 
allow the helices and sheets to orient themselves correctly. Of more 
importance, the loops located at the ends of the ^-sheets that form the 
catalytic cleft are responsible for the function of the enzyme. Therefore 
the same basic structure, the a/fi barrel, can have a wide variety of 
enzymatic properties depending on the composition of the loop regions 
residing in the catalytic cleft. 
The functional part of glucoamylase, based on its similarities to 
Taka-amylase A (1), is most likely an eight-unit a/|3 barrel structure. 
The amino acid sequences of the eight a-helices and g-sheets composing the 
barrel are not by themselves important. A wide variety of sequences can 
generate the same stable a-helix or ^sheet. Therefore, the sequences of 
these basic structures is not expected to be conserved for similar enzymes 
from different organisms. However, in order for the catalytic site to 
maintain its specificity, the loop regions around the catalytic cleft 
should be highly conserved for similar enzymes. The five highly conserved 
regions of the various glucoamylases (3) most likely represent five of the 
loop regions at the ends of the 0-sheet that are in or near the catalytic 
cleft. 
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Two of these supposed loop regions were studied in this dissertation 
by site-directed mutagenesis. Both of these regions were found to play 
vital roles in the catalytic mechanism. One loop, containing the Ala 116 
and Trp 120 residues, is also one of the loops in the active site of 
Taka-amylase A (2). While its function in Taka-amylase A has not been 
defined, its function in glucoamylase now has been. The Trp 120 residue 
of glucoamylase, while located in the fourth subsite, is essential for 
interacting with a second loop in the active site, located in the first 
two subsites. This interaction is essential to induce the enzyme into the 
proper catalytic conformation to stabilize the transition state. The Ala 
116 residue is located in the active site, positioned somewhere between 
subsites 3 to 7. Since this residue resides in the same loop as the Trp 
120 residue, it most likely is involved in maintaining the proper position 
of the Trp 120 residue for catalysis. 
The second loop region studied contained the Asp 176, Leu 177, Trp 
178, Glu 179, Glu 180, and Asn 182 residues. The Asp 176 and Glu 179 
residues were found to be the ionizable groups involved in catalysis and 
are located between subsites 1 and 2. This confirms the location of this 
loop and the reason it is essential to be in the correct conformation as 
influenced by the Trp 120 residue. The Glu 180 residue was shown to 
strongly affect binding in subsite 2, which is supported by its position 
next to the essential Glu 179 residue. The last three residues, Leu 177, 
Trp 178, and Asn 182, were all shown to affect binding in the first two 
subsites, all influencing the selectivity of maltose and isomaltose. The 
mutations at residues 177 and 178 influenced activity much more than the 
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mutation at residue 182. Since the Asp 176 residue is involved in the 
proper catalytic conformation with the Trp 120 residue, both residues 177 
and 178, which reside between the Asp 176 and the essential Glu 179, are 
also expected to be involved in the same conformation. The Asn 182 
residue is the only residue that did not drastically alter activity. Even 
though it is located in subsite 2, it is not involved in positioning the 
catalytic loop. The Asn 182 residue can be altered to affect selectivity 
of substrates without a significant effect on activity. 
Therefore two essential loops in the catalytic region have been 
identified. Their subsite location in the active site and interaction 
with each other have been shown, as well as the function of some of the 
individual residues in the loops. Future work in this area can go in any 
of a number of directions. The Asp 176 residue should represent one of 
the ionizable groups. Kinetic studies of the dependence on pH of the 
Asp-Asn 176 mutation will demonstrate this. An ability to alter the 
optimal pH for glucoamylase, by generating a change in the local pH around 
the ionizable groups, can also be demonstrated by similar kinetic studies 
of these or other mutants near the Asp 176 and Glu 179 residues. Six 
conserved tryptophan residues have been identified in the five conserved 
regions (3), only two of which have been studied so far. Mutation of 
these highly conserved residues, Trp 52, Trp 170, Trp 317, and Trp 417, 
with similar side-chain residues such as phenylalanine, histidine, and 
tryosine, should locate these residues in the active site, while also 
leading to many other interesting questions. The location and function of 
the other three conserved loops need to be studied. Initially this can be 
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accomplished through mutations of the conserved tryptophan residues in 
each of the regions. Further mutations of other conserved residues from 
the first two loops should also be considered. The Trp 170 residue may 
very likely be involved in the correct positioning of the catalytic loop 
in subsite 1 and 2 due to its proximity to the Asp 176 and Glu 179 
residues. Changes in the length of the ionizable groups through the 
following two mutations, Asp-Glu 176 and Glu-Asp 179, may also provide 
more data into the function of these residues. The priority of these 
further studies will depend on the interest of the investigator, whether 
it be to discover the functional behavior of the various loops and 
residues, or to try and improve the enzyme based on kinetic analysis of 
existing mutations. 
Through the combined used of 1) site-directed mutagenesis, 
2) homology studies of enzymes with similar functions, and 3) kinetic 
studies either to determine selectivity for various substrates of the same 
length or to define a subsite map based on substrates of different 
lengths, the location and function of various residues in an enzyme with 
no known three-dimensional structure can be determined. This is a very 
powerful technique that can have broad applications to all enzymes without 
known structures. 
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APPENDIX II. CROSSLINKED CARBOXYMETHYL CELLULOSE DEGRADATION BY 
0-GLUCOSIDASE AND VAGINAL MICROBES: APPLICATION 
TO TOXIC SHOCK SYNDROME 
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INTRODUCTION 
Toxic shock syndrome (TSS) was originally described and linked to the 
presence of Staphylococcus aureus by Todd et al. (1) in 1978. The 
incidence of TSS has been linked by statistical inference to the use of 
tampons, especially those of high absorbency, such as Procter & Gamble's 
Rely brand (2-8). Up to this point there has been no generally accepted 
explanation for the association between tampons and TSS. 
Recently, Tierno (9) and Hanna (10) suggested that one of the 
absorbents in Rely tampons plays a role in the occurrence of TSS. Rely 
tampons contain a lightly cross-linked carboxymethyl cellulose (CLD-2) in 
the form of fibers and present in the tampon as small chips. According to 
them, the CLD-2 fibers can be enzymatically degraded by microbes found in 
the vagina during menstruation, the products of the degradation 
encouraging the growth of S. aureus and its subsequent toxin production. 
Tierno (9) estimated the enzymatic degradation of the CLD-2 fibers by 
checking for an increase in the mobility of a concentrated gel-like 
aqueous suspension, and Hanna (10) used the same method and in addition 
tested for the appearance of reducing sugars released during hydrolysis by 
using the method of Mandels et al. (11). Tierno et al. (12), using 
commercially obtained enzyme samples in assays that were similar to those 
used previously (9, 10), claimed that a particular enzyme, 3-glucosidase, 
was capable of degrading the CLD-2 fibers. Since virtually all of the 
organisms they previously used are known to inhabit the vagina (13-21) 
and, as many in addition have been reported to produce 0-glucosidase (22, 
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23), they concluded that CLD-2 could serve as an external source of 
nutrients for S. aureus in vivo (12). 
These results raised some questions, as it was not expected that 
fLglucosidase by Itself would be capable of attacking long-chain 
cellulosic molecules (24, 25) such as those found in CLD-2. In addition, 
an increase in the mobility of CLD-2 fiber suspension may not be due to 
enzymatic degradation but rather to fiber dehydration caused by an 
increase in ionic strength (26). Furthermore, the dinitrosalicyclic acid 
technique used by Hanna (10) and Tierno et al. (12) to measure reducing 
sugars has been shown to be inaccurate with the complex substrates used 
(27, 28). Therefore, we studied the cellulolytic activity of vaginal 
bacteria and yeasts more extensively. A number of cultures used by Tierno 
(9) in his studies were grown in several different media with various 
substrates to induce cellulolytic enzyme production. Commercially 
obtained samples of |3-glucosidase and cellulase were used to test for 
activity on CLD-2. Changes in the ionic strength of CLD-2 fiber 
suspensions after the addition of small amounts of bacterial cultures were 
also studied, as this could provide an alternate explanation for the 
mobility results obtained by Tierno (9) and Hanna (10). 
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MATERIALS AND METHODS 
Cultures 
One culture from each of thirteen species (eleven bacteria and two 
yeasts) was received from Procter & Gamble, which received it from Tierno, 
supposedly from those he had tested (9). Of the species sent to us, four 
had at least some cultures that were reported by Tierno to increase the 
mobility of gellike suspensions formed by CLD-2 in water: Klebsiella 
oxytoca (two positive, zero negative cultures reported by him), Klebsiella 
pneumoniae (four positive, one negative), Proteus mirabilis (one positive, 
one negative), and Serratia marcescens (two positive, zero negative). 
Therefore, two of the cultures sent to us, representatives of K. oxytoca 
and S. marcescens, surely had activity in Tierno's experiments. He 
reported that the other nine species we received, Acinetobacter anitratus. 
Bacillus subtilis, Candida albicans, S. aureus, Staphylococcus 
epidermldis. Streptococcus agalactiae, Streptococcus faecium, 
Streptococcus group G sp., and Torulopsis glabrata, had no cultures with 
activity. Banna (10) tested six of these species, K. oxytoca, K. 
pneumoniae, P. mirabilis, S. marcescens, S. aureus, and S. epidermidis, 
though not necessarily the same cultures tested by Tierno, and found, like 
Tierno, that the first four had some cultures that could increase mobility 
or reducing sugars or both in CLD-2 suspensions. 
Two bacterial cultures, Cellulomonas uda NRRL B-404 and Cellvibrio 
gilvus NRRL B-14078, were received from the Northern Regional Research 
Center, Peoria, 111. These were used as controls for cellulase 
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production, as both have been reported to have cellulase activity (29, 
30). 
Growth tests 
To promote the production of ^-glucosidase and cellulases, we grew 
all thirteen Tierno cultures in 3% Trypticase soy broth (catalog no. 
11768, lot E3DKL1; BBL Microbiology Systems) alone or with one of six 
different substrates added. The latter included lactose, cellobiose, 
amorphous cellulose (catalog no. 286; Schleicher & Schuell, Inc.), 
crystalline cellulose (catalog no. 144; Schleicher & Schuell), 
carboxymethyl cellulose (catalog no. C-8758, lot 42F-0438, low viscosity; 
Sigma Chemical Co.) (all 0.25% [wt/vol]), and 0.125% (wt/vol) CLD-2 chips 
(lot 9109BD; degree of substitution, between 0.63 and 0.92 per unit of 
glucose; Buckeye Cellulose Corp.). The two control cultures were grown in 
Trypticase soy broth alone and with either carboxymethyl cellulose or 
CLD-2 (0.25 and 0.125%, respectively) added. All cultures were also grown 
in a simulated Trypticase soy broth solution (composed of its individual 
components without added glucose) alone and with CLD-2 (0.125%) as a 
substrate and also in 2.5% heart infusion broth (catalog no. 0038-01, 
control 653040; Difco Laboratories) with CLD-2 (0.125%) as a substrate. 
All growth studies were conducted in 50 ml of liquid contained in 
250-ml Erlenmeyer flasks closed with polyurethane sponges and subjected to 
rotary shaking (100 rpm, Environ-Shaker 3597, Lab-Line Instruments, Inc.) 
at 37*C. Autoclaving was done at 121'C for 15 min. Stock and working 
cultures were carried on 3% Trypticase soy agar slants, and inoculation of 
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liquid cultures vas done with a platinum loop. All cultures were grown to 
the stationary phase, as determined by optical density. At that point 
glucose, in those flasks originally containing it, was below 0.006%. 
Enzyme assays 
All enzyme assays were carried out on centrifuged broth samples as 
well as on sonicated cell samples. Centrifuged cells, suspended to the 
original volume in phosphate buffer, were sonicated with a Heat Systems 
model V-375 cell disrupter until at least a 20% decrease in optical 
density occurred (40% was the average loss) to release intracellular 
enzymes. Afterwards, 200 pi of each enzyme sample were incubated for 1 h 
at 37*C with 1 ml of a-cellulose (catalog no. C-8002, lot 22F-0540; 
Sigma), carboxymethyl cellulose, or CLD-2 (all 0.1%) in 0.05 M sodium 
phosphate buffer (pH 7.3). Cellulase and carboxymethyl cellulase 
activities were assayed by the Somogyi-Nelson method (31, 32). The 
detection limit of these assays was 0.01 lU/ml. 
0-Glucosidase activity was determined by two methods. The first used 
p-nitrophenyl-0-D-glucopyranoside as a substrate. A 1-ml enzyme sample 
was added to 1 ml of 4 mM p-nitrophenyl-g-D-glUcopyranoside in phosphate 
buffer and incubated at 37*C for 1, 2, or 3 h. The reaction was stopped 
by the addition of 2 ml of 20% NagCOg. Activity was measured as the 
absorbance of released p-nitrophenol at 400 nm. The detection limit was 
9 X 10"* lU/ml. The second method used cellobiose as a substrate and 
tested for glucose production with a Beckman model ERA-1002 glucose 
analyzer. A 1-ml enzyme sample was added to 1 ml of 1% cellobiose in 
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phosphate buffer and incubated at 37"C for 1, 2, or 3 h. The detection 
limit was 1.9 x 10" lU/ml. The two 0-glucosldase assays were performed 
on samples from the following five growth substrates only: Trypticase soy 
broth with lactose, cellobiose, or CLD-2 added, the simulated soy broth 
alone, and the simulated soy broth with CLD-2 added. 
Enzymatic digestion of CLD-2 
Three 0-glucosidase preparations, catalog no. G-8625 (lot 33F-4003, 
6.3 lU/mg; Sigma), catalog no. G-4511 (lot 122F-4004, 38 lU/mg; Sigma), 
and catalog no. 15505 (lot 41274, 5 lU/mg; United States Biochemical 
Corp.), and one cellulase preparation, catalog no. C-2274 (lot 122F-0906, 
2 lU/mg; Sigma), were used to study the digestion of CLD-2. Digestion 
with the P-glucosidases was carried out in a 1% CLD-2 suspension in 
phosphate buffer and in sodium citrate buffer (pH 5.5, 0.05 M) for 48 h at 
37*C. In all cases an enzyme concentration of 0.1 lU/ml was used. The 
digestion of CLD-2 by cellulase was carried out in phosphate buffer with 
an enzyme concentration of 1 lU/ml for 24 h at 37"C. 
Detection of carbohydrates from enzymatic digestion of CLD-2 
High-pressure liquid chromatography of samples from the enzymatic 
digestion was done with a Waters model 6000A solvent system, model U6K 
Injector, and model R401 refractive-index detector. The column was a 
Bio-Rad HPX-42A column with a water eluent at 85*C and 0.4 ml/min. The 
detection limit for each peak was 2 wg (1 mM for glucose). 
Glucose concentrations in the CLD-2 digests were determined by a 
modification of the glucose oxidase method of Fleming and Pegler (33) by 
114 
adding 1 ml of glucose oxidase reagent (pH 7.0) to 0.4 ml of sample and 
incubating the mixture at 35*C for 1 h. Afterwards, 2 ml of 7 N HCl were 
added to stop enzymatic activity. Glucose concentrations were determined 
by measuring the absorbances at 525 nm. The detection limit was 0.005 mM. 
Ionic strength determination 
The ionic strength of suspensions containing CLD-2 was determined 
indirectly by measuring their conductivity with a Hach model 2510 
conductivity meter. The conductivities of 50 ml of 1% or 2% suspensions 
of CLD-2 in deionized water were determined before and after the addition 
of 0.5 ml of culture broth containing K. oxytoca, K. pneumoniae, P. 
mirabilis, or S. marcescens. Samples of 10 ml of Trypticase soy broth 
were inoculated with a loopful of each culture and incubated for 24 h at 
37"C before being added to the CLD-2 suspensions. 
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RESULTS 
The results of the assays for cellulolytic activity based on reducing 
sugar values are shown in Table I. Of the thirteen Tierno cultures grown 
in each of the ten growth substrates, none had detectable cellulase or 
carboxymethyl cellulase activity, either intracellular or extracellular, 
in any of the three assays with a-cellulose, carboxymethyl cellulose, and 
CLD-2 as substrates. The two control cultures, Ç. uda and C. gilvus, had 
positive cellulase and carboxymethyl cellulase activities in all three 
assays when grown in each of the six growth substrates used for the 
controls. The highest values attained with any of the growth substrates 
are shown in Table I. 
The results of the 0-glucosidase assays (Table II) indicated that all 
thirteen Tierno cultures, as well as the two control cultures, had 
0-glucosidase activity on p-nitrophenyl-P-D-glucopyranoside with at least 
one of the growth substrates. The two control cultures and seven of the 
other cultures had g-glucosidase activity in the less sensitive assay with 
cellobiose as the assay substrate. Generally, intracellular activity was 
higher than extracellular activity. 
The digestion of CLD-2 with each of the three commercially obtained 
3-glucosidase samples did not lead to any production of glucose in the 
glucose oxidase assay or any production of glucose or lower 
oligosaccharides in the high-pressure liquid chromatography analysis. The 
digestion of CLD-2 with a commercially obtained cellulase sample released 
0.19 mM glucose after 24 h in the glucose oxidase assay and yielded three 
116 
Table I. Maximum cellulase activity of centrifuged broth samples or 
sonicated cell samples after growth of selected vaginal micro­
organisms 
Microorganism Cellulase activity (lU/ml) on®! 
a-Cellulose Carboxymethyl 
cellulose 
CLD-2 
A. anitratus — ——— — 
B. subtilis ——— ——— 
C. albicans 
K. oxytoca 
K. pneumoniae ——— 
P. mirabilis 
S. marcescens 
S. aureus 
S. epidermidis — 
S. agalactiae 
S. faecium 
Streptococcus group G sp. — 
T. glabrata — — 
C. U(^ (control) 0.01 0.05 0.06 
C. gilvus (control) 0.03 0.03 0.08 
® f Activity was below the detection limit (0.01 lU/ml) for all 
growth substrates tested. 
Table II. Maximum g-glucosidase activity of centrifuged broth samples and sonicated cell samples 
after growth of selected vaginal microorganisms 
Microorganism g-Glucosidase activity (10 )(IU/ml) on : 
p-Ni t rophenyl- . 
PkD-glucopyranoside Cellobiose^ 
Centrifuged Sonicated Centrifuged Sonicated 
A. anitratus 0.36 0.08 
B. subtilis — —  —  0.40 3.1 
C. albicans 3.10 1.80 3.7 4.3 
R. oxytoca 0.09 0.76 3.7 
R. pneumoniae 0.26 2.5 
P. mirabilis —— 0.16 
S. marcescens 0.76 0.19 3.1 
S. aureus 0.52 0.05 4.3 
S. epidermidis 7.90 1.20 5.6 5.0 
S. agalactiae 0.09 —— 
S. faecium 0.04 0.02 
Streptococcus group g sp. 0.10 
T. glabrata 0.04 0.10 
G. uda (control) 6.70 8.6 
C. gilvus (control) 0.59 4.90 nt 5.6 
^—, Activity was below the detection limit for all growth substrates tested. 
^Detection limit, 0.009 x 10"^ iu/ml. 
^Detection limit, 1.9 x 10"^ iu/ml. 
^nt, Not tested. 
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peaks in the high-pressure liquid chromatography analysis: glucose, 
cellobiose, and a peak which is most likely a carboxylated 
cellooligosaccharide. The third peak did not appear when the same sample 
was analyzed by high-pressure liquid chromatography with an amine-bonded 
silica column, which would bind to and therefore not release a charged 
carboxylated compound. 
The addition of culture broth to a 1 or 2% suspension of CLD-2 
resulted in an increase in conductivity with each of the four cultures 
tested (Table III). 
Table III. CLD-2 suspension conductivities before and after the addition of microbial culture broth 
Microorganism X CLD-2 Conductivity (pmho/cm) 
Before broth After broth 
addition addition 
K. oxytoca 1 620 800 
2 1,400 1,600 
K. pneumoniae 1 600 850 
2 1,400 1,650 
P. mirabilis 1 600 820 
2 1,450 1,750 
S. marcescens 1 600 810 
2 1,450 1,700 
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DISCUSSION 
None of the thirteen Tierno cultures had cellulase activity with any 
of the ten different substrates used for growth. Three different assays 
were used to test for general cellulase activity or for specific activity 
on the substrates carboxymethyl cellulose and CLD-2. However, all of the 
cultures tested had g-glucosidase activity. Tierno (9) and Hanna (10) 
found an increase in the mobility of concentrated CLD-2 suspensions in 
only four of the thirteen species tested here, indicating that an increase 
in mobility is not a good indicator of the ability of microbial cells to 
form either cellulase or gkglucosidases. 
As noted previously, g-glucosidase by itself would not be expected to 
degrade long-chain cellulosic materials, particularly those with side 
chains like those present in CLD-2 (24). The results of CLD-2 digestion 
with three commercially obtained g-glucosidase samples did not indicate 
any hydrolysis of CLD-2 to glucose or lower oligosaccharides, although the 
presence of these components was readily detectable when the hydrolysis of 
CLD-2 was carried out with a commercially obtained cellulase sample. It 
is therefore clear that gkglucosidase cannot hydrolyze CLD-2 without the 
additional presence of a cellulase. As there was no detectable cellulase 
activity present in the cultures tested and as the g-glucosidase found in 
the growth studies had less than 10% the activity of that used in the 
digestion studies, it should not be expected that the native microbial 
3-glucosidases studied here could hydrolyze CLD-2 to glucose. Our studies 
revealed that they could not. Similar results with a different approach 
were also noted by E. T. Reese and M. Mandels (personal communication, 
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U.S. Army Natlck Research and Development Laboratories, Natick, MA). 
Using three 0-glucosldase preparations from almonds, they found no 
detectable activity on carboxymethyl cellulose. Using a fungal 
(S-glucosidase preparation, they detected hydrolysis of carboxymethyl 
cellulose. This hydrolysis was attributed to trace amounts of a random-
acting cellulase and not to g-glucosidase, as nojirimycin, a strong 
inhibitor of fkglucosidase, had no effect on hydrolysis in subsequent 
studies. 
Of the thirteen Tierno cultures, K. pneumoniae, K. oxytoca, P. 
mirabilis, and S. marcescens were reported to have activity on CLD-2 based 
on suspension mobility studies (9). Hanna (10) also reported activity 
based on mobility tests for the first two of these cultures but not the 
last two. All four of these cultures produced an increase in conductivity 
when added to CLD-2 solutions. An increase in conductivity and therefore 
ionic strength causes CLD-2 fibers to desorb water (26), which can cause 
an increase in the mobility of CLD-2 suspensions. As the native 
gLglucosidases of these cultures do not hydrolyze CLD-2, the increase in 
suspension mobility observed with these cultures could possibly be 
attributed to an increase in ionic strength but not to enzymatic 
hydrolysis of the fibers by 0-glucosidase. 
The role of superabsorbent tampons, including Rely, in TSS is not 
clear. It is apparent that the absorbent CLD-2 present in Rely tampons is 
not degraded by the microbes tested and therefore does not provide 
nutrients for the growth of S. aureus. 
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